In Situ Polymerization via an Environmentally-borne Initiation Stimulus. by Zavada, Scott Ryan
 
 
In Situ Polymerization via an Environmentally-borne Initiation Stimulus  
by 
Scott Ryan Zavada 
 
A dissertation submitted in partial fulfillment 
of the requirements for the degree of 
Doctor of Philosophy 
(Macromolecular Science and Engineering) 
in the University of Michigan 
2016 
 
 
 
 
 
 
 
Doctoral Committee: 
Assistant Professor Timothy F. Scott, Chair 
Associate Professor Kenichi Kuroda 
 Professor Brian J. Love 
Professor Andrew J. Putnam 
  
 
 
© Scott Ryan Zavada 
2016 
 ii 
 
Dedication 
This dissertation is dedicated my wife, Lynn Zavada.  Out of everything that happened to 
me while I was student at the University of Michigan, meeting you was the most amazing 
and wonderful. 
 
 
 
 
 
 
 iii 
 
Acknowledgements 
I want to thank my PhD advisor Prof. Timothy F. Scott for all of his guidance and 
encouragement during my five years at the University of Michigan.  I would also like to 
thank the members of my dissertation committee for all of their advice and feedback 
I am forever grateful and honored to have received a NASA Space Technology 
Research Fellowship.  This was amazing experience that undoubtedly transformed my 
graduate education experience.  I specifically want to thank Dr. Keith Gordon, my mentor 
and collaborator within the NSTRF program, for all of his advice and assistance 
throughout the entire fellowship and especially for the time I was at the NASA Langley 
Research Center.  I would also like to thank Dr. Mike Pereira and Charles Ruggeri at 
NASA for all of their help and extraordinary efforts when I was at the NASA Glenn 
Research Center. 
I was repeatedly told how the University of Michigan, and particularly the Macro 
program, strongly emphasized having a family-type atmosphere and everything I 
experienced here confirmed that sentiment.  I would like to thank Prof. Rick Laine, Prof. 
Mark Banaszak Holl, Nonna Hamilton, and Adam Mael for making major contributions 
in building the family atmosphere of Macro as well as all the help and assistance I 
received from them.  My friends and colleagues within Macro were a constant source of 
motivation and support and I am very gratefully and humbled to have met so many 
outstanding people.  
 iv 
 
 
I was fortunate to have such extraordinary lab mate and I thank Tao Wei, Dowon 
Ahn, Megan Dunn, Sameer Sathe, Dan Li, Max Ma, Harry van der Laan, Samuel 
Leguizamon, Dr. Junting Li, Dr. Jae Hwan Jung, and Dr. Joseph Furgal for all of their 
help, encouragement, and assistance throughout.  I especially want to mention Tao, 
Dowon, and Megan for their help in building the lab during the early years. 
I was extraordinarily lucky to have three outstanding undergraduate students, Nick 
McHardy, Tsatsa Battsengel, and Nathan Wood, work with me on these research projects.  
I would also like to mention several other outstanding undergraduate students, Mara 
Clark, Carolyn Zhao, Marcus Deloney, and Joseph Poznanski, that were such a major 
part of the early years of our lab. 
I must mention and thank Dr. Norman Sweet, Prof. John Texter, and Prof. Vijay 
Mannari both for writing recommendations letters for me and for the encouragement they 
gave me to purse a doctoral degree.  I also want to thank everyone from Adrian College, 
Eastern Michigan University, and Precision Coatings who helped me during the time 
before I started at Michigan. 
I am eternally thankful for the love and support of my parents, brothers, sister, 
sisters-in-law, and the rest of my family.  I especially want to mention my sister, Aesha, 
for being a constant source of inspiration and support and my parents, Raymond and 
Cynthia Zavada, for all of their help moving me from Wixom to Ann Arbor, Ann Arbor 
to Ypsilanti, and Ypsilanti to Virginia. 
Go Blue! 
 v 
 
Table of Contents 
Dedication ........................................................................................................................... ii	
Acknowledgements ............................................................................................................ iii	
List of Figures .................................................................................................................. viii	
List of Tables ................................................................................................................... xiii	
List of Schemes ................................................................................................................ xiv	
Abstract ........................................................................................................................... xvii	
Chapter 1 Introduction ........................................................................................................ 1	
1.1	 In Situ Polymerization ............................................................................................ 1	
1.2	 Environmentally-borne Stimuli ............................................................................ 12	
1.3	 Strategies for Oxygen-mediated Polymerization ................................................. 27	
1.4	 Overview of Subsequent Chapters ....................................................................... 71	
1.5	 References: ........................................................................................................... 71	
Chapter 2 Rapid, Puncture-Initiated Healing via Oxygen-Mediated Polymerization ...... 82	
2.1	 Introduction .......................................................................................................... 83	
2.2	 Experimental ........................................................................................................ 86	
2.3	 Results and Discussion ......................................................................................... 92	
2.4	 Conclusion .......................................................................................................... 106	
 vi 
 
2.5	 References: ......................................................................................................... 106	
Chapter 3 Pressure Gradient Ballistics Test Method for Evaluating Puncture-Initiated 
Healing ............................................................................................................................ 109	
3.1	 Introduction ........................................................................................................ 110	
3.2	 Experimental ...................................................................................................... 113	
3.3	 Results and Discussion ....................................................................................... 121	
3.4	 Conclusion .......................................................................................................... 131	
3.5	 References: ......................................................................................................... 131	
Chapter 4 Oxygen-Mediated Enzymatic Polymerization of Thiol–Ene Hydrogels ....... 133	
4.1	 Introduction ........................................................................................................ 134	
4.2	 Experimental ...................................................................................................... 138	
4.3	 Results and discussion ........................................................................................ 140	
4.4	 Conclusions ........................................................................................................ 155	
4.5	 References: ......................................................................................................... 156	
Chapter 5 Fabrication of Chitosan-based Hydrogels via Oxygen-mediated Polymerization
......................................................................................................................................... 159	
5.1	 Introduction ........................................................................................................ 160	
5.2	 Experimental ...................................................................................................... 160	
5.3	 Results and Discussion ....................................................................................... 163	
5.4	 Conclusion .......................................................................................................... 177	
 vii 
 
5.5	 References: ......................................................................................................... 178	
Chapter 6 Oxygen-mediated Polymerization Initiated by Oltipraz Derivative .............. 180	
6.1	 Introduction ........................................................................................................ 181	
6.2	 Experimental ...................................................................................................... 185	
6.3	 Results and Discussion ....................................................................................... 189	
6.4	 Conclusion .......................................................................................................... 205	
6.5	 References .......................................................................................................... 205	
Chapter 7 Conclusion ...................................................................................................... 208	
7.1	 Summary of Research ........................................................................................ 208	
7.2	 Future Work ....................................................................................................... 213	
7.3	 References .......................................................................................................... 219	
 
  
 viii 
 
List of Figures 
Figure 1: Measuring monomer formulation thickness. ..................................................... 88	
Figure 2: Model thiol–ene-alkylborane formulations, spread as thin films on glass 
microscope slides, were placed inside a sample cell under anaerobic conditions. ........... 89	
Figure 3: Photographs of sealed sample cell utilized in IR kinetics experiments. ........... 91	
Figure 4: Model thiol–ene-TBB resin reaction kinetics under anaerobic conditions. ...... 94	
Figure 5: Reaction kinetics of oxygen-mediated thiol–ene polymerization. .................... 95	
Figure 6:  FTIR spectra of thiol–ene formulations prior to and after polymerization 
kinetics experiments. ......................................................................................................... 96	
Figure 7:  Reaction kinetics of oxygen-mediated thiol–ene polymerization. ................... 97	
Figure 8: Still images of panels and resin ejection during testing, taken from high-speed 
videography footage 2.5 ms after bullet impact. ............................................................. 100	
Figure 9: Photographs of a healed panel. ........................................................................ 101	
Figure 10: Storage modulus and tan δ of EGDMP/TMPTAE monomer formulations .. 102	
Figure 11: Estimating maximum temperature of hot spot by using Gaussian fitting of thermal 
IR data. ............................................................................................................................. 104	
 ix 
 
Figure 12: Thermographic image series for EGDMP-TMPTAE resin-filled test panels 
containing 0 (top) and 2 wt% (bottom) TBB after bullet puncture at t = 0 s (scale = 1 cm).
......................................................................................................................................... 105	
Figure 13: Maximum temperature at puncture site versus time for EGDMP-TMPTAE 
resin-filled test panels containing varying TBB concentrations and an unfilled test panel.
......................................................................................................................................... 105	
Figure 14: Ballistics test facilicity at the Glenn Research Center in Cleveland, OH. .... 117	
Figure 15: Outside view of the vacuum chamber utilized at the Glenn Research Center 
ballistics facility. ............................................................................................................. 118	
Figure 16: Inside view of the vacuum chamber utilized at the Glenn Research Center 
ballistics facility. ............................................................................................................. 119	
Figure 17: Still photos taken from high-speed videos during ballistics testing at 
atmospheric pressure. ...................................................................................................... 123	
Figure 18: Still photos taken from high-speed videos during ballistics under a pressure 
gradient. .......................................................................................................................... 127	
Figure 19: Post-ballistics photographs of test panel made from monomers, 2% TBB, and 
glassfiber mat. ................................................................................................................. 129	
Figure 20: Vacuum applied to entrance-side puncture site of this test panel with the 
EMAA layer removed. .................................................................................................... 130	
Figure 21:  Stability of the thiol–ene solution in 0.1 M MES buffer. ............................. 140	
Figure 22: Influence of initial Fe2+ concentration. .......................................................... 142	
 x 
 
Figure 23: Influence of initial glucose concentration. .................................................... 145	
Figure 24: Influence of GOx concentration. ................................................................... 146	
Figure 25: Stability of the thiol–ene solution formulated with the GOx-glucose-Fe2+ 
radical initiating system. ................................................................................................. 148	
Figure 26: Influence of added oxidant and reductant. .................................................... 151	
Figure 27: Stability of the thiol–ene solution formulated with HRP. ............................. 152	
Figure 28: Influence of HRP concentration on a coupled GOx-HRP thiol–ene 
polymerization initiation. ................................................................................................ 154	
Figure 29: Influence of acetylacetone on a coupled GOx-HRP initiated thiol–ene 
polymerization. ............................................................................................................... 155	
Figure 30: Influence of initial Fe2+ concentration on G′. ................................................ 166	
Figure 31: Influence of initial Fe2+ concentration on G′ in the absence of glucose or GOx.
......................................................................................................................................... 169	
Figure 32: Influence of initial Fe2+ concentration on G′ for formulations without 
PEGDAE. ........................................................................................................................ 170	
Figure 33: Influence of Fe3+ concentration on G′ for formulations without PEGDAE. . 172	
Figure 34: Monitoring decrease in G′ as a result of photo-induced disulfide breaking via 
photorheometry. Two formulations with glucose and GOx (56mM, 14.8 kU/L, 
respectively) and additional components (listed in the legend) were allowed to gel and 
then exposed to 365 nm light with an intensity of 25 mW/cm2. ..................................... 175	
 xi 
 
Figure 35: Influence of HRP concentration on G′. ......................................................... 177	
Figure 36: UV-Vis absorption spectra for bisDS-containing resin formulations mixed and 
maintained under anaerobic conditions. ......................................................................... 191	
Figure 37: EPR spectra for solutions mixed under anaerobic conditions of bisDS, 
ETTMP, and DMPO in DMSO, a) maintained under anaerobic conditions and b) 
collected 15 minutes after exposure to the atmosphere. ................................................. 193	
Figure 38: a) Thiol and b) allyl functional group conversions for bisDS-containing 
ETTMP/TATATO thiol–ene formulations mixed under anaerobic conditions .............. 194	
Figure 39: a) Thiol and b) allyl functional group conversions for bisDS-containing 
ETTMP/TATATO thiol–ene formulations mixed under anaerobic conditions. ............. 195	
Figure 40: a) Thiol and b) allyl functional group conversions for bisDS-containing 
ETTMP/TATATO thiol–ene formulations mixed under oxygen-saturated conditions. . 197	
Figure 41: UV-Vis absorption spectra for bisDS-containing thiol–ene formulations mixed 
under oxygen-saturated conditions. ................................................................................ 199	
Figure 42: UV-Vis absorption spectra for a thiol–ene formulation of 0.05 wt% bisDS in 
ETTMP-TATATO immediately after mixing under anaerobic conditions, after 3 hours 
maintained under anaerobic conditions, after 8 hours of subsequent atmosphere exposure, 
and finally after 5 hours sealed in a cuvette to eliminate further oxygen diffusion. ....... 200	
Figure 43: EPR spectra for solutions mixed under oxygen-saturated conditions of bisDS, 
ETTMP, and DMPO in DMSO, collected 15 minutes after mixing. .............................. 201	
 xii 
 
Figure 44: Thiol and allyl functional group conversions for bisDS-containing 
ETTMP/TATATO thiol–ene formulations mixed under oxygen-saturated conditions. 
Experiments performed by exposing the samples to the atmosphere. ............................ 203	
Figure 45: Storage (G′, closed symbols) and loss (G″, open symbols) moduli, measured 
by parallel plate rheometry, of bisDS-containing ETTMP/TATATO thiol–ene 
formulations mixed under oxygen-saturated conditions. ................................................ 204	
Figure 46: Tri-layered configurations for self-healing materials. ................................... 215	
Figure 47: Other thione compounds capable of affording radicals in the presence of 
oxygen. ............................................................................................................................ 218	
 
 xiii 
 
List of Tables 
Table 1: Summary of all the reactive liquid monomer formulations subjected to ballistics 
testing. ............................................................................................................................. 100	
Table 2: Time for temperature decay to 75°C and 125°C after ballistics puncture, 
determined using the data reported in Figure 13. ........................................................... 106	
Table 3: Summary of literature describing ballistics test methods for self-healing 
materials. ......................................................................................................................... 111	
Table 4: Elapsed time after projectile impact for liquid ejecta to be visible. ................. 128	
 
  
 xiv 
 
List of Schemes 
Scheme 1: Epoxy cross-linking reaction. ............................................................................ 4	
Scheme 2: Healing of microcracks in an epoxy composite by using reactive monomer-
filled microcapsules. ........................................................................................................... 9	
Scheme 3: Healing of microcracks in a composite by using reactive monomer-filled 
tubes. ................................................................................................................................. 10	
Scheme 4: Isocyanate reactions. ....................................................................................... 14	
Scheme 5: Sol-gel chemistry. ........................................................................................... 17	
Scheme 6: Common cyanoacrylate monomers. ................................................................ 18	
Scheme 7: Anionic polymerization of alkyl cyanoacrylates. ............................................ 19	
Scheme 8: Utilizing carbon dioxide as a reagent in making polycarbonate. .................... 25	
Scheme 9: Chain-growth polymerization reactions. ......................................................... 31	
Scheme 10: Horseradish peroxidase (HRP) catalyzes the reduction of hydrogen peroxide 
to water by oxidizing two equivalents of a hydrogen-donating mediator AH. ................. 33	
Scheme 11: Acrylamide is polymerized into poly(acrylamide) in the presence of HRP, 
hydrogen peroxide, and acetylacetone (Acac). ................................................................. 34	
 xv 
 
Scheme 12: (A) Glucose oxidase catalyzes the reduction of oxygen and oxidation of 
glucose into hydrogen peroxide and gluconolactone, respectively. (B) Hydrogen peroxide 
is readily converted to hydroxyl radicals via the Fenton Reaction with Fe2+ ions. .......... 41	
Scheme 13: 2-Hydroxyethyl methacrylate (HEMA) is polymerized into poly(HEMA) in 
the presence of glucose oxidase (GOx), glucose, oxygen, and Fe2+. ................................ 41	
Scheme 14: Laccase catalyzes the reduction of oxygen to water by oxidizing an 
appropriate substrate. ........................................................................................................ 46	
Scheme 15: Acrylamide is polymerized into poly(acrylamide) in the presence of laccase, 
oxygen, and acetylacetone (Acac). ................................................................................... 46	
Scheme 16: The polymerization of 2,6-dimethylphenol into a poly(phenylene oxide) via 
oxidative coupling. ............................................................................................................ 48	
Scheme 17:  Utilizing horseradish peroxidase (HRP), glucose oxidase (GOx), glucose, 
and oxygen as a quaternary initiating system for polymerizing substituted phenols. ...... 54	
Scheme 18: Chain-growth polymerization of acrylonitrile initiated by tributylborane and 
molecular oxygen. ............................................................................................................. 58	
Scheme 19:  Radical-mediated thiol–ene reaction. ........................................................... 63	
Scheme 20: Thiol–ene and thiol–yne reactions initiated by triethylborane and oxygen. . 65	
Scheme 21: Thiol-ynamide reaction initiated by triethylborane and oxygen. .................. 67	
Scheme 22: Allyl ether and thiol monomers utilized in kinetics and ballistics 
experiments. ...................................................................................................................... 94	
 xvi 
 
Scheme 23: Ballistics testing of resin-filled panels. ......................................................... 98	
Scheme 24: Additional monomers utilized in ballistics experiments. .............................. 98	
Scheme 25: Construction of tri-layered panels.. ............................................................. 114	
Scheme 26: Illustration of ballistics gun shown in Figure 14, Figure 15, and Figure 16.
......................................................................................................................................... 120	
Scheme 27: The generation of hydroxyl radicals upon exposure of the GOx-glucose-Fe2+ 
system to aerobic conditions. .......................................................................................... 149	
Scheme 28: The generation of radicals upon exposure of the GOx-HRP system to aerobic 
conditions. ....................................................................................................................... 153	
Scheme 29: Synthesis of thiolated chitosan from chitosan and 2-iminothiolane (i.e., 
Traut’s reagent). .............................................................................................................. 164	
Scheme 30: Photo-induced destruction of disulfide bonds, monitored by photorheometry.
......................................................................................................................................... 173	
Scheme 31: Structures of the oxygen-mediated initiator and monomers used. .............. 185	
Scheme 32: Schematic diagrams of experimental configurations used to examine oxygen-
mediated polymerization kinetics by FTIR spectroscopy. .............................................. 188	
Scheme 33: In the presence of the excess PPT, the intermediate PPT participates in a 
quenching reaction that prevents the radical-affording redox cycle as well as removing 
PPT. ................................................................................................................................. 193	
 
 xvii 
 
Abstract 
The utilization of an environmentally-borne stimulus, atmospheric oxygen, has been 
convincingly demonstrated as a useful means for initiating in situ polymerization.  As 
molecular oxygen is both ubiquitous and capable of participating in reduction-oxidation 
reactions, it particularly well-suited for affording radicals capable of initiating radical-
mediated polymerization.  The thiol–ene reaction is extraordinarily resistant to oxygen 
inhibition and thus useful as an oxygen-mediated polymerization reaction.  In order to 
utilize oxygen as a polymerization stimulus, three initiating systems were developed, 
including those based on alkylboranes, oxidoreductase enzymes, and thiones.  These 
systems are capable of solidifying thiol–ene monomer formulations within seconds, 
minutes, or hours, respectively, upon oxygen exposure. The interest in in situ oxygen-
mediated polymerization is largely driven by two emerging applications.  The first of 
these, self-healing materials suitable for space exploration applications, requires a 
reactive liquid, sandwiched between a solid support structure, that is able to flow and 
polymerize immediately after being punctured by space debris, thus sealing the resultant 
hole.  To demonstrate the suitability of oxygen-mediated polymerization for self-healing 
materials, high-velocity ballistics testing, monitored by videography and thermal 
imaging, was performed and established that a reactive liquid monomer formulation can 
polymerize within seconds of oxygen exposure to afford a solid polymeric material 
capable of sealing the projectile-induced puncture.  The second application is for next-
generation surgical adhesives and sealants that would be suitable as emergency hemostats 
 xviii 
 
and other medical procedures.  As a demonstration that oxygen-mediated polymerization 
is a useful mechanism for producing these materials, formulations based on chitosan, a 
polysaccharide known for its biocompatibility and bioadhesion, were produced that 
afford solid hydrogels within a minute of oxygen exposure.  In addition to the 
alkylborane- and oxidoreductase-based systems, thiones were employed to initiate bulk 
thiol–ene polymerization.  Although thiones were shown to be capable of generating 
radicals in the presence of atmospheric oxygen and thiol groups, the reaction extents 
achievable were lower than desired owing to unwanted side reactions quenching radical 
production and, subsequently, suppressing polymerization.  Despite this limitation, the 
development of approaches to suppress the quenching reaction will afford a rapid and 
efficient method of utilizing oxygen as an environmentally-borne polymerization 
initiation stimulus. 
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Chapter 1      
Introduction  
1.1 In Situ Polymerization 
Polymers are large molecules produced by reactions that connect small molecule 
precursors, known as monomers, into much larger macromolecules with molecular 
weights ranging from thousands to millions and beyond.1  The shear size of these 
molecules affords polymers many useful properties and, accordingly, are utilized in a 
bewildering array of applications.  To give a few examples, polymers are utilized as the 
primary components in most coatings2-4 and adhesives,5-7 can be fabricated into plastic 
sheets8, 9 or spun into fibers,10 serve as components for energy application (e.g., 
batteries11, 12 or solar cells13), perform as in vivo drug-carry delivery devices,14 or 
function as scaffolds for tissue engineering.15  Such an incredible range of applications 
requires a multitude of synthetic methods capable of yielding polymers, in the form of 
powders, beads, solutions and dispersions, that can further processed, through extrusion, 
molding or a variety of other methods, into their final, usable form.  For many 
applications, the polymer film or mass must be formed in situ – that is, in the location 
where it will be used; this is how numerous types of paints, coatings, adhesives, or 
sealants function.  A liquid is applied to surface and through a physical change (e.g., 
solvent evaporation or particle coalescence) or a chemical reaction, a solid polymer is 
formed.  While many paints and adhesives for home do-it-yourself projects (e.g., 
 2 
 
furniture lacquer, wall paint, or wood glue) contain a volatile component, thus requiring 
time to dry after application, the presence of a volatile components may not always be 
desirable or possible.  For example, in an adhesive intended to glue two pieces of paper 
together, the use of water is permissible as the water can evaporate through the porous 
paper, allowing for the solid polymer film to form and adhere the paper sheets together.  
Conversely, an adhesive intended to glue together two impermeable substrates (e.g., glass 
or metal) can not rely upon the evaporation of volatile components.  For these situations, 
the transformation from a liquid to a solid must be driven by an in situ polymerization 
reaction. 
Typically, in order to effect in situ polymerization, a reactive liquid must be 
exposed to a specific stimulus, commonly elevated temperatures, light, or chemical; 
exposure to the stimulus initiates polymerization, converting the liquid into a solid.  Not 
surprisingly, different applications require different stimuli.  To illustrate, it is wholly 
appropriate to utilize elevated temperature to bake a factory applied automotive coating – 
the metal car body can easily withstand the high temperatures.  The elevated temperature 
may simply speed up a reaction, activate a catalyst or cross-linker, or drive the 
evaporation of a byproduct from a crosslinking reaction.  In contrast, a temperature 
sensitive substrate like, say, low density polyethylene can not withstand overly elevated 
temperatures and it may be more feasible to utilize a photocurable material, where 
exposing the liquid reactive formulation to ultraviolet light triggers the liquid-to-solid 
transformation; moreover, photopolymerization also offers excellent spatial and temporal 
control of cross-linking.  Of course, for many applications it may not be realistic to 
subject the material to either elevated temperature or ultraviolet light, in which case a 
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chemical stimulus may be more appropriate.  Such materials are quite common in 
commercial available adhesives suitable for do-it-yourself (DIY) home projects, notably 
in two-component (frequent called ‘2K’, where the ‘K’ stands for ‘komponent’, the 
German word for, not surprisingly, ‘component’) epoxy adhesives.  One component of 
the 2K epoxy is an epoxy resin, typically an epoxy (e.g., oxirane ring)-terminated 
oligomer made from bisphenol A and epichlorohydrin, while the other is a multi-
functional amine referred to a ‘cross-linker’, ‘curing agent’, or ‘hardener’.5, 16   Both the 
epoxy resin and the amine cross-liner are stable liquids that will remain liquids for years; 
it is only when the two components are mixed, ideally at a one-to-one stoichiometric ratio 
between epoxy groups and amine hydrogens, will a reaction proceed that leads to the 
generation of a solid, cross-linked polymer network (see Scheme 1).5, 16     In general, for 
a 2K system, the two components are packaged separately and combined immediately 
before applications.  While this strategy removes the requirement for elevated 
temperature or ultraviolet, there are several inherent drawbacks, including sensitivity to 
mixing ratios (deviating from a one-to-one stoichiometry will hinder mechanical property 
development) and limited time before the polymerization-induced viscosity increase 
leads to the material becoming unworkable.  In a strategy that can address some of these 
limitations, the packaged chemical stimulus can be replaced with one that is 
environmentally-borne; that is, a compound reliably present in the location where the 
material will be applied is utilized as the trigger that converts a liquid monomer into a 
solid polymer.  One of the best known examples are commercial superglues, composed 
mostly of alkyl cyanoacrylates,6 that will solidify once they come in contact with 
atmospheric moisture, which serves as the initiation stimulus.  While there are several 
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such systems that utilize atmospheric moisture or other atmospheric components as 
initiation stimuli, and these will be discussed in detail throughout this introduction, there 
are applications for which currently available technology proves insufficient.  Herein lies 
my primary research interests: I am motivated to explore in situ polymerization effected 
by an environmentally-borne initiation stimulus as there are several burgeoning 
applications that would benefit greatly from this technology. 
 
Scheme 1: Epoxy cross-linking reaction. Multifunctional epoxies and amines react 
together, via a step-growth polymerization mechanism, to afford a cross-linked epoxy 
resin. 
The first of these applications is for surgical adhesive and sealants as these 
materials, which are applied as a liquid and, upon exposure to some stimulus, polymerize 
and transform into a solid in situ, are increasingly used in numerous medical and dental 
procedures.  These biocompatible adhesives have emerged as elegant alternatives to 
replace surgical sutures, staples, bandages, or plates.  Indeed, they have been employed to 
improve upon contemporary techniques in a diverse range of surgeries from the 
correction of cleft lips 17-19 and other reconstructive surgeries20-24 to the fixation of 
fractured bones.25-28  The most commonly used, medically-relevant adhesives and 
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sealants are based on the polymerization of either cyanoacrylates or fibrin;29-31 
unfortunately, the severely deleterious attributes exhibited by these existing materials 
limit their efficacy and broader adoption in medicine. 
Cyanoacrylate adhesives consist of liquid monomer that undergoes a rapid, anion-
mediated polymerization when exposed to a weak nucleophile, even upon contact with 
atmospheric moisture or hydroxyl and amine functional groups on skin, yielding a solid 
polymer.6  Owing to their rapid reaction kinetics, capacity for environmentally-triggered 
cure, and high strength and excellent tissue adhesion typically exhibited by the generated 
polymers,6 cyanoacrylates have found widespread use as a suture replacement for 
incision closure.  Additionally, the application of a cyanoacrylate to an incision site is far 
simpler and faster than suture placement and a subsequent clinician visit by the patient 
for suture removal is avoided.  Nevertheless, serious cytotoxicity concerns persist over 
the hydrolytic degradation products of cyanoacrylates (e.g., formaldehyde),6, 32 limiting 
their clinical utilization exclusively to external applications.  Moreover, the measures 
required to reduce the chronic exposure to toxic cyanoacrylate vapor experienced by 
health professionals can be burdensome.33  Finally, cyanoacrylates are not amenable to 
chemical modifications owing to the extreme sensitivity of the cyanoacrylate functional 
group; this lack of extensibility severely curtails attainable property range. 
Fibrin sealants mimic the final stages of blood clot formation, a process known as 
the coagulation cascade,34 resulting in a cross-linked fibrin network and are commonly 
used as hemostats and surgical sealants to stop blood flow.30, 31, 35  A typical fibrin sealant 
is packaged as a two-component system. For example, one package contains the 
fibrinogen and factor XIII, a transglutaminase, in its inactive form; the other package 
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contains thrombin, a serine protease, and a solution of CaCl2. Immediately prior to use, 
the two packages are mixed and applied to where it is needed. After mixing, thrombin 
proteolytically cleaves fibrinogen into fibrin monomers and, with the aid of Ca2+ ions, 
converts the serine protease Factor XIII into its active form, Factor XIIIa. Then, by the 
action of thrombin and CaCl2, the fibrin is cross-linked into an insoluble mass.  The fibrin 
monomers self-assemble into fibrils that are cross-linked through a transamination 
reaction  action catalyze do by the now activated Factor XIIIa.  Thus, a solid, cross-linked 
mass is quickly produced by a reaction pathway that matches the final stages of the 
coagulation cascade.  It is this solid mass that functions as the sealant or adhesive.34 
Although these materials are derived from biological sources, they present several 
concerning attributes that limit their use.  Although fibrin sealants are generally 
considered safer than cyanoacrylates owing to their identical components as those 
generated in a natural blood clot, these materials are derived from blood products, thus 
potentially acting as a transmission vector for blood-borne disease.  Analogous to the 
aforementioned two-component epoxy adhesives (Scheme 1), typical fibrin sealant 
formulations consist of a two-package system that react upon combination.  An over-
riding drawback of such an approach is the inherent sensitivity of the system to mixing; 
inadequate combination of the two components will generate an adhesive with sub-
optimal properties.  Moreover, the cross-linked fibrin generated upon thrombin-induced 
fibrinogen cleavage is relatively weak and adhesion failure is a known problem.35, 36  
Thus, the development of new materials for surgical adhesives will be required to 
overcome these problems. 
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With the inherent drawbacks of both cyanoacrylate and fibrin-based materials, 
new materials suitable for utilization as medical-grade adhesive need to be developed.  
The utilization of an environmentally-borne initiation stimulus, paired with suitable 
polymerization chemistry, could result in the development of materials that overcome the 
deficiencies of presently-available materials. 
A second area where he development of materials that polymerize upon contact 
with an environmentally-borne initiation stimulus would be of greatly utility is for the 
creation of autonomously-healing structures for space exploration.  For example, the 
National Aeronautics and Space Administration (NASA) is considering manned missions 
to Mars.  Such a mission will require the development of strong, lightweight, and durable 
habitats where the astronauts are able to live, work, and sleep safely on the surface of 
Mars.37  NASA is especially concerned with the walls of the habitat being punctured by 
micrometeoroids.  As the atmosphere of Mars is much thinner than that of Earth, there is 
a much greater chance that a micrometeoroid could reach the surface and puncture the 
walls of a habitat; the formation of 1-2 millimeter hole could cause the atmosphere inside 
to rapidly rush out, endangering the lives of the astronauts.  Therefore, NASA is 
interested in materials capable of autonomously healing themselves upon puncture by a 
high velocity projectile.  This is difficult as most plastics will not self-heal when 
punctured by a projectile; this action will irreversibly break chemical bonds and prevent 
the material from being able to reform.  Quite impressively, there are several materials 
which do exhibit self-healing characteristics.37-42  A partially neutralized ionomeric 
copolymer of ethylene and methacrylic acid (EMAA, commercially sold by DuPont as 
Surlyn), well known for its use as the outer layer of golf balls, has shown tremendous 
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capacity for self-healing: shooting a 5 mm thick panel of EMAA with a rifle leaves no 
hole.  While this self-healing behavior is extraordinarily impressive, EMAA is otherwise 
ill-suited for utilization as a structural material as its modulus, a physical property 
roughly corresponding to 'stiffness', is far too low – in other words, walls made from 
Surlyn would be flimsy.  Furthermore, EMAA is known to not self-heal when penetrated 
with a high velocity projectile43 or when the film is heated to above 60°C.40  A second 
material with impressive self-healing properties is poly(butadiene)-graft-poly(methyl 
acrylate-co-acrylonitrile) (PBG).38  PBG has a modulus much greater than Surlyn and 
could be used to construct a sturdy habitat.  Unfortunately, the self-healing characteristics 
of PBG are only evident when heated to greater than 50°C, which far exceeds the 
maximum surface temperature of Mars (~ 20°C). 
With the limitations of currently available self-healing structures, these materials 
would greatly benefit from an alternative or auxiliary autonomic-healing system that 
retains its healing capabilities at lower temperatures.  One potential approach would be to 
incorporate a reactive liquid layer within the walls of the structure.  Indeed, there is a 
significant body of work that demonstrates he use of liquid filled microcapsules to heal 
polymeric materials when cracked.  In one of the field’s seminal papers, White, Sottos, 
Moore, and coworkers devised a composite where dicyclopentadiene (DCPD)-filled 
capsules are dispersed within an epoxy resin that also contained an embedded ruthenium-
based Grubbs’ catalyst.44  Upon the formation of microcracks, the capsules rupture and 
release the contained DCPD, allowing it to freely flow into the crack.  Once it to comes 
in in contact with Grubbs’ catalyst, the DCPD undergoes ring opening meta thesis 
polymerization, yielding solid poly(dicyclopentadiene) that heals the crack and aids in 
 9 
 
restoring some of the strength of the original composite.(Scheme 2)  Such a material may 
be useful for autonomously-healing damage not readily observed, including the slow 
formation of fatigue-induced micro cracks. In addition the DCPG/Grubbs’ catalyst 
system, others chemistries have been utilized for similar purposes, notably 
cyanoacrylates.45 
 
Scheme 2: Healing of microcracks in an epoxy composite by using reactive monomer-
filled microcapsules.  A) DCPD-filled microcapsules, in blue, are embedded within an 
epoxy composite along with a ruthenium-based Grubbs’ catalyst, in red.  B) Stress on 
the epoxy block causes a crack to form, rupturing a DCPD-containing microcapsule.  
C) The DCPD from the ruptured microcapsule contacts the catalyst, initiating ring-
opening metathesis polymerization.  D) The solid poly(dicylcopentadiene), shown in 
purple, has healed the crack.  E) Ring-opening metathesis polymerization of 
dicylcopentadiene, catalyzed by a ruthenium-based Grubbs’ catalyst.  Adapted from 
source.44 
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A commonly utilized analogy compares the reactive liquid to blood and the 
polymerization reaction to the formation of a blood clot after a cut in the skin.46-48  White, 
Sottos, Moore, and coworkers developed the blood analogy even further by constructing 
composite with a network of hollow tubes, analogous to vasculature, capable of carrying 
fresh healing agent to a damaged site.48  This approach is amenable to several types of 
polymerization chemistries and has been demonstrated not only with the DCPD/Grubb’s 
system, but also with two-part epoxies where portion of the vascular urge contains an 
epoxy-functional resin, while a second, separate network holds the amine cross-linker.   
 
Scheme 3: Healing of microcracks in a composite by using reactive monomer-filled 
tubes.  A) Microtubules, filled either with an epoxy resin, in blue, or an amine-cross-
linker, in red, are embedded within a composite.  B) Stress on the material causes a 
crack to form, the microtubules.  C) The epoxy and amine flow out of the microtubules 
and are able to mix. D) The crack is filled and healed by the resulting solid, cross-
linked epoxy resin, shown in purple. 
Rupturing these networks allows both the epoxy resin and the amine cross-linker to 
contact one another and, as they mix together, polymerize and solidify via a step-growth 
A
C D
B
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mechanism.(Scheme 3)  This group has continued to develop even more complex 
vascular networks that aim to mimic vasculature found in nature. 
These systems provide us with inspiration but exhibit limitations that hinder their 
applicability to micrometeoroid damage mitigation. Namely, the reaction rates are too 
slow to seal the breech in approximately a second or, ideally, less. Insufficient rapid 
solidification times could result in the liquid being ejected out into the vacuum of space 
or the near vacuum conditions of Mars.  
The use of an environmentally-borne polymerization stimulus could lead to the 
development of materials that address these issues.  This approach would be to utilize a 
multi-layer structure with a viscous, reactive liquid layer sandwiched in between to rigid 
polymer supports.  This reactive liquid layer would remain a liquid under air-free 
conditions and would only polymerize upon exposure to air; that is, one of the 
atmosphere’s components (e.g., one of the atmospheric gases).  This multi-layer structure 
could conceivably used to build space exploration habitats on Mars.  When this 
construction is punctured (by, for example, a micrometeoroid), the reactive liquid layer 
will begin to flow toward the vacuum.  Concurrently, the exposure to the interior 
atmosphere as it rushes out through the hole will initiate polymerization causing the 
viscosity of the reactive liquid layer to rise and eventually solidify, forming a seal that 
prevents further atmospheric loss.  Thus, the development of a suitable in situ 
polymerizable system may lead to the advancement of this very desirable technology. 
 12 
 
1.2 Environmentally-borne Stimuli 
To advance the development of the biomedical and self-healing materials discussed 
above, a suitable environmentally-borne initiation stimulus needs to be identified.  Of the 
compounds reliably present throughout all human-habitable environments, the obvious 
choices to investigate are the atmospheric components, including nitrogen, oxygen, 
argon, carbon dioxide, and water.  As the cyanoacrylate chemistry was briefly described 
above, our discussion will start with the utilization of atmospheric humidity as a means to 
initiate polymerization reactions. 
1.2.1 Water 
The utilization of water present as atmospheric humidity has been extensively utilized as 
an environmentally-borne reagent capable of effecting polymerization through a variety 
of chemical reaction and these materials are well known for their use as coatings, 
adhesives and sealants.49-53  Typically, these materials are stable liquids, existing either as 
neat precursors, dissolved in solution, or dispersed in a liquid continuous phase, that will 
only solidify via in situ polymerization after they are exposed to the environment in the 
location where they will are to be used. 
A well-known commercial example is moisture-cured isocyanate-based coatings.  
Indeed, isocyanate chemistry is extensively utilized for numerous commercial and 
industrial coatings, elastomers, fibers, foams, and other polymeric materials.  Isocyanate 
chemistry is particularly rich and varied and is especially well-known for the production 
of urethane and urea linkages through reactions with hydroxyl or amines groups, 
respectively; these reactions follow an step-growth mechanism and are notable in that no 
byproduct is produced in the reaction.2, 54 (Scheme 4)  For example, automotive paints 
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may be formulated as a two-component urethane system, where one component is made 
of a polyol, often an acrylic or polyester, while the second component contains a multi-
functional isocyanate prepolymer. When the two components are combined, often in the 
presence of tin or tertiary amine catalyst, urethane cross-links form between the polyol 
and isocyanate via a step-growth polymerization reaction.  Similarly, replacing the polyol 
with a polyamine will result, in a reaction that is typically quite brisk, in the formation of 
urea linkages.  In addition to these well-known reactions, isocyanates are capable of 
reacting with carboxylic acid groups to yield, after evolution of carbon dioxide, an amide 
linkage, while the reaction between an isocyanate and a thiol forms a thiocarbamate.55  
Furthermore, isocyanates are reactive with water, yielding an unstable carbamic acid 
group that evolves carbon dioxide to form a primary amine.50-53, 56  This amine will then 
rapidly react with a second isocyanate group to complete the formation of a urea linkage.  
Thus, a moisture-cured isocyanate-based coating can be formulated from multi-functional 
isocyanate pre-polymers; after application, as atmospheric humidity permeates into the 
coatings, urea cross-links will form.  
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Scheme 4: Isocyanate reactions. 
While other isocyanate-based coatings utilize the reaction between polyols or 
polyamine (to form, respectively, urethanes or urea linkages) in a step-growth addition 
reaction, the isocyanate-water reaction produces carbon dioxide as a byproduct.  So this 
reaction depends upon not only the diffusion of water into the coating to bring about cure, 
but also upon the evolved carbon dioxide successfully diffusing out of the coating.  The 
evolved carbon dioxide can lead bubble formation, useful for a foam but not so desirable 
for a protective coating that must function as a barrier.  Another drawback of moisture-
cured isocyanate-based systems is that there cannot be hydroxyl, carboxylic acid, amines, 
or thiols present as any of these are capable of reacting with the isocyanate group, 
severely limiting the types of precursors suitable for use with this method. 
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Another class of recognizable moisture-cured commercial product are silicone 
sealants.  These consist of poly(dimethylsiloxane) that has been modified to have 
diacetoxy end groups.  Exposure of this polymer to atmospheric moisture results in 
hydrolysis of the acetoxy group, liberating acetic acid and yielding a hydroxyl group.49, 57  
Cross-links between PDMS chain result from the condensation reaction between 
hydroxyl and acetoxy groups.  Conceptually, this is nearly identical to moisture-cured 
isocyanate chemistry in that both polymerize via step-growth, condensation mechanisms.  
As was the case for isocyanates, cross-linking acetoxy-functional siloxane resins relies 
both on the diffusion of atmospheric humidity into the materials as well as diffusion 
outward of the acetic acid byproduct. 
Silane-based sol-gel chemistry is another well-known water-mediated 
polymerization method where alkoxysilane moieties undergo successive hydrolysis and 
condensation reactions to form Si-O-Si inorganic networks.58  To give a simple 
example,(Scheme 5a-c) an acid catalyst is added to an ethanolic aqueous solution of 
tetraethoxysilane (TEOS), causing some of the ethoxy groups to hydrolyze to silanols – 
complete hydrolysis is prevented by the presence of large amounts of water.  This 
partially hydrolyzed solution can then be applied to a substrate via dip coating and 
permitted to dry.  As the water and ethanol evaporate, the ethoxy and silanol groups 
undergo hydrolysis and condensation reaction and driving these reactions to completion 
results in an inorganic SiO2 network.   Alternatively, trialkoxysilane moieties on the ends 
of a linear organic molecule can undergo similar hydrolysis and condensation reactions to 
form an organic-inorganic hybrid – such an approach has been utilized for PDMS-based 
silicone sealants as an alternative to the acetic acid-evolving acetoxy-functional 
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materials.57  The water-mediated hydrolysis step of this reaction sequence can be 
exploited to develop formulations that rely on atmospheric humidity as the water source.  
One such approach involves the photo-mediated generation of an acid catalyst.  For 
example, Kowalewska combined a trimethoxysilyl precursor with a diphenyliodonium 
salt photoinitiator (e.g., a photoacid generator); upon irradiation in an environment with 
50% humidity, the photoinitiator forms a superacid capable of rapidly catalyzing 
hydrolysis of the trimethoxysilane moieties into silanols; subsequent condensation 
reaction leads to the formation of Si-O-SI crosslinks (Scheme 5d).59  This concept was 
further developed by Croutxé-Barghorn and coworkers where monomers containing both 
trimethoxysilane groups and aliphatic epoxides were combined with Irgacure-250, an 
iodonium salt that forms superacids upon exposure to UV light.60  Upon UV irradiation, 
the liberated superacid initiates both the hydrolysis/condensation sequence, forming 
inorganic Si-O-Si linkages, and the cationic polymerization of the epoxide rings.  This 
results in an in situ-generated polymer with inorganic cross-links.  While these 
techniques are certainly strong examples of water-mediated polymerization, their 
requirement for UV light strongly limits their more widespread utility.  Moreover, it also 
suffers many of the same drawback as the silicone sealants in that a condensation reaction 
byproduct must diffuse out in order to drive the reaction to completion. 
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Scheme 5: Sol-gel chemistry. A) Tetraethoxysilane (TEOS) is partially hydrolyzed via 
an acid catalyzed reaction. B) Partially-hydrolyzed TEOS undergoes a condensation 
reaction to yield Si-O-Si linkage and water as a byproduct. C) Alternatively, partially 
hydrolyzed TEOS can undergo a condensation reaction that yields alcohol as a 
byproduct.  D) In the presence of a photoacid generator (PAG) and atmospheric 
moisture, a bis(trimethoxysilane) oligomer undergoes, after exposure to UV light, 
hydrolysis and condensation reactions to form a cross-linked network with Si-O-Si 
linkages.58, 59 
A limitation of these water-mediated polymerization methods (e.g., isocyanates, 
acetoxy-functional silicones, and alkoxysilanes) is that they all rely on step-growth 
condensation reactions and require one water molecule per cross-link.  Rather than 
relying on systems where water is a stoichiometric reactant it may be more efficient to 
use water as an initiator, where each molecule of water leads to the formation of many 
links.  In what may be one of the best examples of a polymerization reaction initiated by 
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an environmentally-borne compound, alkyl cyanoacrylates use water, or any weak 
nucleophile, as an initiator for an anionic polymerization reaction.  This is unusual as the 
presence of water tends to terminate most anionic polymerizations; it is the extreme 
reactivity of the cyanoacrylate monomer, which results from the strong electron-
withdrawing nature of both the cyano and ester groups, that causes the polymerization 
reaction to occur.61  Cyanoacrylates have long been used for adhesives with ethyl 
cyanoacrylate commonly used in commercial superglues, while n-butyl cyanoacrylate 
and 2-octyl cyanoacrylate are used in medical applications owing to their increased 
biocompatibility.6 The cyanoacrylates adhesives are formulated to be stable, and remain 
liquid, while kept in their original container and it is only after they are released into the 
environment will anionic polymerization proceed.  While the use of monofunctional alkyl 
cyanoacrylate monomers dominate commercial applications, leading to the formation of 
linear polymers, cross-linked networks can be formed by utilizing multi-functional 
monomers.  
 
Scheme 6: Common cyanoacrylate monomers. 
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Scheme 7: Anionic polymerization of alkyl cyanoacrylates. 
After their accidental discovery in the early 1950s, poly(alkyl cyanoacrylates) 
were first utilized as industrial adhesives in the 1958, investigated as medical adhesives 
in the 1960s and 1970s, introduced as commercially-available consumer products in the 
1970s and are currently being investigated for a variety of new applications. Their 
widespread acceptance into such a broad range of fields has been driven by numerous 
positive attributes.  They are especially known for their excellent adhesion to numerous 
substrates and can be formulated to bond with such disparate materials as plastics, metals, 
wood, rubber, and skin.  Indeed, it is their outstanding adhesion to skin that had led 
cyanoacrylates to become one of the most widely utilized adhesives for surgical 
procedures and are especially well-known for these use a replacement for sutures to heal 
cuts in the skin.   They are additionally valued for their brisk reaction rates: with careful 
formulation, the cure time can be adjusted from seconds to minutes. 
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With their widespread adoption, at first glance it may seem that the water-
mediated polymerization of cyanoacrylates represents the ideal capable of in situ 
polymerization initiated via an environmentally-borne initiator.  Indeed, owing to their 
extensive utilization, they are reasonably viewed as the gold standard by which all other 
systems must be judged.  Nonetheless, there are serious concerns and drawbacks over 
cyanoacrylate chemistry that, as will be discussed throughout this dissertation, drive the 
search for other in situ polymerizable systems. 
While cyanoacrylates undoubtedly serve a vital role in medical care as suture 
replacements, their further widespread utilization is hindered by serious concerns over 
toxicity.  While cyanoacrylates are generally seen as safe for external use, though there 
are reports of skin necrosis caused by the polymerization exotherm,62 their suitability for 
internal surgeries is less assured.  The primary issue here are the cytotoxic byproducts 
that are capable of forming as the poly(alkyl cyanoacrylates) degrades, most notably 
formaldehyde but also a host of others including cyanoacetates, aliphatic alcohols, and 
poly(cyanoacrylic acids).63  Moreover, while the unreacted monomers are not typically a 
problem for the patients, they do represent a potential occupational hazard for the 
doctors, nurse, dentists, technicians, and other health care workers who are exposed to 
these materials regularly over many years; repeated exposure to cyanoacrylates 
monomers can lead to asthma or dermatitis.33, 64  Toxicity can be mitigated by modifying 
the moiety adjacent to the ester linkage; longer alkyl chains have been shown to have 
reduced toxicity65 and replacing the alkyl chain with an ether may allow for further 
improvements.63  Nonetheless, these types of restrictions severely limit the range of 
attainable properties. 
 21 
 
Certainly, not all of the potential applications for cyanoacrylates are medically-
relevant and for these, the health-related concerns will be less applicable.  Nevertheless, 
there are additional problems with cyanoacrylate chemistry that must be addressed.  One 
inherent drawback in relying on atmospheric moisture for initiation is that relative 
humidity can vary wildly depending on location, season, and time of day, leading to 
unpredictable reaction rates.  For example, Lewis et al, in investigating the use of ethyl 2-
cyanoacrylate as a means to develop latent fingerprints, found that no polymer would 
form when the relative humidity was less than 7%.66  Even more concerning, Foley et al 
reported that when attempting to polymerize ethyl 2-cyanaoacrylate when the RH was 
less than 30%, frequently no polymer would form.67  While this reaction rate dependence 
can be acceptable for an environment where the humidity an always be tightly regulated, 
for many applications, this is simply not possible. 
A second, more subtle, issue with reaction rates is the extremely fast gel times 
reported by for cyanoacrylate a may require a means of initiation other than that of 
atmospheric moisture.  For example, the commercially-available product Dermabond, a 
2-octyl cyanoacrylate commonly used for surgical procedures, is packaged in an 
applicator device that delivers the liquid monomer through a proprietary initiator-laden 
sponge, effectively treating this a two-component system.68  When Dermabond is 
delivered through the sponge, as it would be used when as a wound closure adhesive, the 
‘set time’ required is approximately 50 seconds; conversely, when the liquid monomer 
formulation is exposed to the atmosphere without allowing it to contact the initiator, set 
time increased to over 8 minutes.  Kennedy and coworkers explored several initiators of 
2-octyl cyanoacrylate and were able to create formulations that could set within tens of 
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seconds.68  As impressive as this is, upon closer examination, this is not a water-mediated 
polymerization – It is the action of the amine initiator that is initiating polymerization and 
allowing for such brisk reaction rates.  While this is less of a concern when designing a 
medical-device intended for use by a trained health care worker in a controlled 
environment, it is our explicit goal to find a system capable of polymerizing upon contact 
with an environmentally-borne initiator.  
Finally, perhaps the biggest issue with cyanoacrylate chemistry is the inherent 
limitations of the types of functional groups that may be present on the monomer.  The 
most commercially important monomers, as has been discussed above, are all 
monofunctional alkyl cyanoacrylates.  Modifications to the cyanoacrylate monomers are 
mainly limited to replacing the alkyl chain with one containing ether linkages or terminal 
allyl groups.  Incorporation of other functional groups is inherently limited as any moiety 
remotely nucleophilic will initiate polymerization, thus precluding the use of hydroxyl, 
carboxylate acids, amines, and thiols.  Indeed, we have similar limitations for any system 
capable of water-mediated polymerization (e.g., an isocyanate-based formulation) and 
such reactivity could lead to premature gelation, rendering the product completely 
unusable. 
Therefore, despite the many positive attributes of alkyl cyanoacrylates and their 
long, history of commercial success in a variety of fields, their numerous drawbacks 
force us to continue our search for a system capable of in situ polymerization initiated by 
an environmentally-borne initiation stimulus.  Nonetheless, by examining the beneficial 
characteristics of cyanoacrylate chemistry, we have a model for our desired system that 
strongly suggests we focus our search on polymerization reactions where the 
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environmentally-borne reagent serves as a catalyst or an initiator, rather than as a 
stoichiometric reagent.  In other words, the polymerization mechanism should utilize an 
active site, points in the chain or networks where further additions may occur.  This 
requirement is strongly suggestive of a chain-growth mechanism, where a radical, cation, 
or anion (as with alkyl cyanoacrylates) serves as the active site.  However, these are not 
the only polymerization mechanisms that utilize an active site – an important point that 
will be revisited shortly. 
1.2.2 Atmospheric Gases 
Having exhausted the range of possibilities where atmospheric moisture is utilized as a 
polymerization stimulus and finding these options unsatisfactory, we must now examine 
other chemical compounds that are reliably present in human-habitable environments.  
The most obvious choice are the atmospheric gases, the four most common being 
nitrogen, oxygen, argon, and carbon dioxide.  Of these, we can safely disregard the noble 
gas argon owing to its extremely stability; it participates in very few reactions and a list 
of compounds it readily forms is amusingly short.69 
Consider the utilization of atmospheric nitrogen as an environmentally-borne 
polymerization reagent.  Nitrogen is certainly plentiful in human-habitable environments, 
making up approximately 79% of our atmosphere.  Unfortunately, molecular nitrogen, 
made of two nitrogen atoms bound by a triple bond, it notoriously stable. While 
molecular nitrogen can be converted into ammonia via the Haber-Bosch process, this 
requires very high temperatures and this process is not adaptable to ambient conditions.  
Indeed, molecular nitrogen participates in few reactions at ambient temperatures.   For 
this reason alone, it seems that the idea of using atmospheric molecular nitrogen as an 
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environmentally-borne reagent should be rapidly dismissed and our attention turned 
elsewhere.  However, on reflection, perhaps nitrogen should not be ignored so easily.  
After all, nitrogenase enzymes present in cyanobacteria convert molecular nitrogen into 
ammonia,70 which can then undergo a complex series of reactions where it can be 
converted to and from nitrates and eventually, through assimilation reactions, is 
converted into nitrogen-containing biomacromolecules (e.g., proteins and nucleic 
acids).71  Unfortunately, this process is extraordinarily complicated and, at present, the 
development of synthetic means to mimic the action of nitrogenases is still an active area 
of research.72  Beyond this issue, there are a host of other problems that would also need 
to be dealt, including that nitrogenases are quite sensitive to the presence of oxygen – a 
major hindrance in performing in situ polymerization in a human habitable 
environment.70  As a result, there is currently no clear path to using atmospheric nitrogen 
as a reagent for in situ polymerization and we must return to our original conclusion that 
nitrogen is a poor choice for an environmentally-borne polymerization reagent.  
As nitrogen is a poor choice for an environmentally-borne polymerization 
initiator, let us consider another atmospheric gas, carbon dioxide (CO2).  At first glance, 
CO2 is also a poor initiator choice as its atmospheric concentration is only 0.039% – 
about 1/2000 of atmospheric nitrogen.  Moreover, CO2 is also quite unreactive.  In fact, 
because of its chemical inertness, supercritical CO2 is utilized as a reaction medium for 
variety of polymerization reactions, including free radical, cationic, and oxidative 
coupling polymerizations, for which it has been shown not to participate in initiation, 
propagation, chain-transfer or termination reactions.73 Such limited reactivity at 
supercritical conditions strongly suggests that most polymerization reactions would not 
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be affected by the much lower CO2 concentration present in the atmosphere.  Conversely, 
CO2 certainly participates in reactions under ambient conditions as it is necessary for the 
survival of most plant life; it is utilized as an environmentally-borne reagent in the 
photosynthetic processes plants use to generate sugars – including polymeric ones like 
cellulose.  Indeed, CO2 has been used as a reagent in synthetic polymer chemistry.  As a 
chemical reagent, it has numerous desirable attributes – mainly that it is cheap, non-
flammable, and readily available – and it has been utilized as a reagent in countless 
reactions.  It is especially well known for its use in a reaction with cycloaliphatic 
epoxides to form polycarbonates.74-77 To give a recent example, limonene epoxide and 
carbon dioxide, at a pressure of 100 PSI, has been used with a zinc-based catalyst to yield 
an alternating copolymer with excellent stereo- and regioregularity.(Scheme 8)78  
 
Scheme 8: Utilizing carbon dioxide as a reagent in making polycarbonate. 
Despite this demonstrated utility in polymer chemistry, none of the examples utilize 
carbon dioxide at atmospheric concentrations nor are they, given their low yields and/or 
the requirement for non-ambient conditions (e.g., elevated temperature), readily 
adaptable to in situ processes.  Indeed, there appear to be few opportunities for utilization 
of CO2 as an environmentally-borne reagent no it is somewhat surprising that, given the 
aforementioned limits to carbon dioxide’s reactivity, there have been instances were CO2 
has been utilized as an environmentally-borne reagent.  Urban and co-workers devised a 
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polyurethane, using a tin-catalyst, that contained sugar moieties.79  This sugar-modified 
polyurethane exhibited self-repair properties in the presence of carbon dioxide and water 
at atmospheric concentrations.  When a 100 µm scratch is induced on a sheet of these 
sugar-modified polyurethanes, the scratch will heal itself in approximately 30 minutes 
whereas a control experiment using a polyurethane without the sugar moieties did not 
heal.  The healing mechanism itself is quite complicated and it involves the tin catalysts 
reacting with the sugar moieties and the resulting tin complex, in reactions involving CO2 
and water, can react to form carbonates, urethane, or urea linkages. 
Yet even with this quite interesting example, with the low reaction rates its 
appears it would be quite difficult and rather impractical to utilize this method for in situ 
polymerization.   Moreover, none of the reactions discussed here utilize carbon dioxide as 
an initiator or catalyst; rather, carbon dioxide is utilized exclusively as a stoichiometric 
“reagent.  Thus, with its low atmospheric concentration and limited reactivity, carbon 
dioxide does not seem to be a good candidate as an environmentally-borne initiation 
stimulus.  
Having dismissed argon, nitrogen, and carbon dioxide as poor choices for an 
environmentally-borne initiator, we are left with oxygen.  While oxygen has a lower 
atmospheric concentration than nitrogen (21% vs. 79%), its concentration is still 
relatively high compared with all other options (e.g., argon, carbon dioxide, and water).  
Furthermore, it is considerably more reactive than nitrogen, carbon dioxide, or argon and 
it is especially well-known for its ability to participate in redox reactions.80  With these 
promising characteristics, oxygen is clearly an excellent candidate for use as an 
environmentally-borne initiator.  Indeed, oxygen has been widely utilized as an initiating 
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system component for several types of polymerization reactions, some of which may be 
useful for our purposes, and these systems will be investigated in the next section. 
1.3 Strategies for Oxygen-mediated Polymerization 
1.3.1 Oxidative Cross-linking of Drying Oils 
One of the most commercially important oxygen-mediated polymerization mechanisms is 
the oxidative cross-linking of oil-based coatings, used for centuries for both artistic and 
protective paints.81  These materials all contain unsaturated fatty acids, commonly 
linolenic acid or linoleic acid, and, when formulated as paints, undergo a complex 
process of solvent evaporation and chemical reactions that drives the transformation from 
a liquid into a solid, cross-linked film.54  The materials are in the form of either 
triglycerides, made from glycerol and fatty acids, or so-called alkyds, oil-modified 
polyester resins made from polyols, polyacids, and fatty acids.  The ability of the 
unsaturated oil to undergo oxygen-mediated cross-linking largely depends on the 
presence of doubly allylic moieties, as the bis-allylic hydrogen is readily abstractable.  As 
the paint film is applied to surface, atmospheric oxygen begins to permeate into the paint 
film, inducing the formation of hydroperoxides; subsequent hydroperoxide 
decomposition reaction yields alkyl and alkoxy radicals that terminate via combination to 
form C-C, C-O-C, and C-O-O-C linkages.  The film is cross-linked through these radical 
termination reactions rather than propagation reaction with the internal alkenes.82 
Included within the paint formulations are metal soaps, called ‘driers’, that catalyze 
multiple reactions.  Moreover, real paint formulations almost always include multiple 
driers, with some that aid surface cure and others that promote through cure.  Among the 
most important and commonly utilized driers are those containing cobalt.  Unfortunately, 
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there are serious concerns over their toxicity and while the search for replacements 
continues, no superior replacement has been identified yet. 
Oil-based paints typically are viewed as slowly reacting systems as they tend to 
cross-link over days, weeks, and months.  While an initial “dry-to-the-touch” state may 
be achievable in 8-24 hours, a completely cross-linked film takes much longer.  
Furthermore, as cross-linking continues over time, the film may actually become overly 
cross-linked, leading to embrittlement.  Conversely, there may also be chain scissioning 
reactions that lead to a weakening of the paint film.54, 81 
While these oil-based systems have proven to be well-suited for paints and 
coatings, and with the development of water-borne versions continue to be utilized, their 
utility beyond coatings is questionable, given their slow reaction rates and toxicity issues 
over the metal driers.  Thus, while drying oils and alkyds provide a wonderful 
demonstration of the utility of oxygen-mediated polymerization, systems that are more 
generally applicable need to be investigated. 
1.3.2 Enzymes 
Enzymes are proteins that catalyze biochemical reactions. By binding a substrate to the 
active site of an enzyme, the activation energy of the reaction can be decreased, resulting 
in a substantial reaction rate increase. For example, the enzyme orotidine 5’-phosphate 
decarboxylase accelerates the orotidine 5’-monophosphate decarboxylation rate by 1017 
times the uncatalyzed reaction rate.83 Whereas enzymes are responsible for all naturally 
synthesized biomacromolecules, they are also capable of retaining catalytic properties 
outside of biological systems and thus have been employed for in vitro polymer 
synthesis.  The first enzymatic polymerization was reported in 1951 by Parravano who 
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demonstrated an oxidase-mediated polymerization of methyl methacrylate.84 Since then, 
many enzymes have been investigated as a means to initiate or control polymerization 
reactions in order to take advantage of their strengths, including high catalytic turnover, 
environmentally-friendliness (e.g., production from renewable resources), facile control 
of polymer architecture, and easy separation from products. Many, though certainly not 
all,85-91 enzyme-mediated polymerization reactions involve free radicals; these free 
radical species are generated either directly by the enzyme or via a secondary reaction 
involving an enzyme-derived product, methods that eliminate the requirement for the 
thermal energy or irradiation used to initiate conventional free radical polymerization.  
These enzymatic, radical-generating reactions all utilize reduction and oxidation steps 
and, accordingly, most of the enzymes used in these processes are termed 
oxidoreductases.  Commonly, these enzymes utilize either oxygen or hydrogen peroxide 
as a substrate and are generally known as oxidases or peroxidases, respectively. Among 
the radical-generating oxidases and peroxidases, the most commonly utilized enzymes for 
radical-mediated polymerization reactions include horseradish peroxidase, glucose 
oxidase, and laccase.  Through different reactions mechanisms, these three enzymes, as 
well as several others with similar behavior, are able to initiate, catalyze, or otherwise 
influence several polymerization reactions, most commonly the chain-growth 
polymerization of vinyl monomers and polymerization via the oxidative coupling of 
phenolic monomers.  As our interest here is in oxygen-mediated polymerization, 
oxidoreductase-based initiating systems that afford radicals as a result of oxygen 
exposure are of great interest.  As will be discussed at length in the following sections, 
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oxidoreductases can either afford radicals directly or generate a product that will, in a 
subsequent reaction, yield initiating radicals.   
1.3.2.1 Chain-growth Polymerization of Vinyl Monomers 
The chain-growth free radical polymerization of vinyl monomers (e.g., acrylates, 
methacrylates, acrylamides, and styrenics) is utilized in a broad array of applications, 
including plastics, coatings, adhesives, and sealants.  Polymerization commences upon an 
initiation step where a radical, generated by exposing a thermal, photo, or redox initiator 
to its associated stimulus (heat, light, or chemical, respectively), adds across the carbon-
carbon double bond of a vinyl monomer, generating a carbon-centered radical.92, 93  This 
radical, in turn, reacts with another vinyl monomer, increasing the size of the molecule 
and again regenerating a carbon-centered radical; these propagation reactions rapidly 
repeat and the polymer chain grows quickly. Polymerization ceases through one of 
several termination reactions, including combination and disproportionation, that 
eliminate the radical, or through chain transfer, a side reaction where the radical on the 
growing chain abstracts a labile hydrogen, stopping propagation on the original chain and 
leading to the initiation of a second growing chain.  Another common side reaction 
occurs when an active radical on the growing chain propagates to molecular oxygen to 
yield a peroxy radical (Scheme 9).  Unlike carbon-centered radicals, the peroxy radical 
reacts sluggishly with monomers, drastically reducing the reaction rates, and causing 
polymerization to nearly cease.94  Consequently, the radical-mediated chain-growth 
polymerization of vinyl monomers is typically very susceptible to oxygen inhibition. 
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Scheme 9: Chain-growth polymerization reactions.92, 93  I = an initiator, M = vinyl 
monomer, Mi or Mj = polymer with, i or j repeat units, respectively, O = oxygen, H = 
hydrogen, RH = a compound with a readily abstractable hydrogen, R = RH after 
hydrogen abstraction. 
In addition to thermal-, photo-, and organometallic redox-initiators, enzymes have 
been used to generate the radicals necessary for the initiation of chain-growth 
polymerization.  An early report by Derango and coworkers demonstrated that several 
enzymes (horseradish peroxidase, xanthine oxidase, chloroperoxidase, and alcohol 
oxidase) would, in the presence of suitable substrates, polymerize aqueous solutions of 
acrylamide and hydroxyethylmethacrylate (HEMA);95 as the polymerization proceeded, 
the polymer would either precipitate out of solution or would form a hydrogel.  The 
enzymes used by the Derango group are all oxidoreductases⎯enzymes that concurrently 
reduce one substrate while oxidizing another.  Commonly employed oxidoreductases 
include peroxidases, which reduce hydrogen peroxide, and oxidases, which reduce 
molecular oxygen; the substrate that is being oxidized depends upon the particular 
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enzyme, but may be one of the monomers themselves or an additional compound known 
as a mediator.  Three oxidoreductase enzymes, horseradish peroxidase, glucose oxidase, 
and laccase, dominate the discussion here. 
1.3.2.1.1 Horseradish peroxidase 
One of the most commonly used enzymes for polymerization reactions is horseradish 
peroxidase (HRP), a heme-containing enzyme with a molar mass of approximately 40 
kDa96 that is capable of generating radicals by reducing hydrogen peroxide to water while 
oxidizing two equivalents of a hydrogen-donating mediator (Scheme 10);97-99 the 
oxidation of the mediator affords radicals capable of initiating polymerization. HRP, 
derived from the horseradish root, contains several different isoenzymes of which the C 
isoenzyme (HRP C) is the most commonly used.100  HRP has been utilized in many 
applications, including waste treatment, where it has been utilized in the removal of 
phenolic compounds from wastewater,101-103 and immunoassay-type biochemical 
testing.104-106 
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Scheme 10: Horseradish peroxidase (HRP) catalyzes the reduction of hydrogen 
peroxide to water by oxidizing two equivalents of a hydrogen-donating mediator AH. 
HRP compounds 1 and 2 are oxidized forms of HRP that are each capable of oxidizing 
the mediator AH, yielding radicals that may be utilized for the initiation of radical-
mediated polymerization]. 97-99   Arrows show reaction direction. 
Amongst its many roles in catalyzing polymerization reactions, HRP has been utilized 
extensively for the solution polymerization of vinyl monomers.  Expanding on the early 
work described by Derango and coworkers,95 Lalot and coworkers demonstrated that 
acrylamide is readily polymerized into poly(acrylamide) by utilizing HRP, hydrogen 
peroxide, and a diketone mediator, commonly acetylacetone, as a ternary initiating 
system (Scheme 11); the reaction proceeds at room temperature upon combining the 
aqueous solution of acrylamide with all three components of the initiating system.97, 107-
109  A recurring theme of enzymatic polymerization is that, for many systems, no reaction 
proceeds until all necessary components are present, opening up the possibility that such 
initiating systems may be suitable for in situ polymerization. For the system described by 
Lalot and coworkers, if only two of the three initiating components were added, no 
reaction proceeded until the addition of the third.107  In the presence of all three (utilizing 
HRP Compound 1 HRP Compound 2
A
A
HRP
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1.8 g/L HRP, 0.01 M H2O2, and 0.017 M acetylacetone), polymerization proceeded over 
several hours, leading to the formation of atactic poly(acrylamide) with a number-average 
molecular weight (Mn) of between 150 and 460 kg/mol and reaction conversions of 70%–
90%. One significant reason for this extended reaction period was an approximately one 
hour induction period where no polymerization occurred, likely attributable to oxygen-
induced inhibition. Notably, a decrease in reaction yield, from 92% to 72%, was observed 
as the acrylamide concentration was raised from 1 to 5 M; although the authors attributed 
this reduced yield to an increase in viscosity, enzyme deactivation via denaturation would 
yield similar results. 
 
Scheme 11: Acrylamide is polymerized into poly(acrylamide) in the presence of HRP, 
hydrogen peroxide, and acetylacetone (Acac).97, 107-109 
It is interesting to note that, whereas Lalot reported no polymerization in the absence of 
acetylacetone,107 Derango and coworkers reported the utilization of HRP without the 
addition of any mediator.95  This apparent discrepancy is readily explained in that the 
Derango group used significantly more hydrogen peroxide; thus, the addition of a 
mediator permits substantially lower hydrogen peroxide concentrations. This is 
tremendously useful as hydrogen peroxide can deactivate HRP, a problem that is 
particularly severe at high hydrogen peroxide concentrations.97 As a demonstration, in the 
results provided by Lalot, no polymerization proceeded in the absence of the mediator 
and would, as noted above, start immediately upon its addition;107 however, delaying the 
addition of the mediator permitted the hydrogen peroxide to degrade HRP, leading to a 
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significant decrease in yield. For example, in the polymerization of an aqueous solution 
of acrylamide monomer, when all three components (e.g., HRP, acetylacetone, and 
hydrogen peroxide) were present together, the reaction yield was 87%. Similar results 
were obtained when either HRP or acetylacetone were initially omitted from the 
formulation and subsequently added one hour later. In contrast, if the acetylacetone was 
initially omitted and then added later, no polymerization was observed; thus, the 
hydrogen peroxide necessary for initiation also participated in a deactivation reaction that 
irreversibly yielded an inactive, non-catalytic form of HRP. 
An in-depth exploration of the polymerization of acrylamide by HRP, hydrogen 
peroxide, and acetylacetone was performed by Wen and coworkers to provide insight into 
some of the questions raised by earlier work.110 Regarding the lengthy inhibition periods 
observed by Lalot,107 Wen found that the inhibition period prior to polymerization was 
caused by oxygen inhibition. This inhibition time could be reduced or eliminated by 
increasing the concentration of acetylacetone, to as high as 0.13 M, as this led to an 
increase in the radical generation rate; as these radicals reacted with and consumed 
oxygen, propagation reactions successfully competed with the inhibition reactions 
allowing the polymerization to proceed once the oxygen concentration was sufficiently 
low. Owing to the reduced inhibitory period, reactions times were significantly shorter 
than those observed by Lalot; however, the synthesized poly(acrylamide) batches were 
similar to those described by Lalot, having Mns of 200 to 630 kg/mol and dispersities (Đ), 
a measure of the molecular weight distribution width, of 2.0 to 3.0, with yields of 72% to 
97%.110 
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In addition to generating soluble polymers in solution, HRP/hydrogen 
peroxide/acetylacetone ternary initiating systems have been used to generate cross-linked 
hydrogels by utilizing aqueous solutions of multi-functional vinyl monomers.  In work by 
Wang and coworkers, this method was used to copolymerize acrylated human serum 
albumin and N,N-dimethylacrylamide; upon addition of the initiating system component, 
gels formed within 1 min.111  These experiments again confirmed the inhibitory influence 
of hydrogen peroxide, as no gelation was observed when it was used in excess.  
Interestingly, the residual HRP, effectively immobilized after gelation, retained much of 
its activity in the hydrogel matrix. 
HRP-mediated polymerization has also been utilized to generate polymers on 
surfaces.112  Here, poly(acrylamide)-grafted particles were formed by polymerizing 
acrylamide in the presence of HRP, hydrogen peroxide, and β-diketone-functionalized 
silica particles. As polymerization was initiated at the β-diketone moiety located on the 
surface of the silica particles, this process resulted in a core-shell morphology, yielding 
poly(acrylamide) layers with thicknesses of 15–192 nm; the poly(acrylamide) itself had 
Mn ranging from 63 to 273 kg/mol, with Đ values from 1.5 to 3.0. Once again, both the 
initiating and inhibitory roles of hydrogen peroxide were confirmed in these experiments 
as no poly(acrylamide) shell was formed either in its absence or its presence in excess. 
Whereas enzyme-mediated polymerization is naturally suited for use with 
aqueous monomers, given that many enzymes naturally prefer an aqueous and pH-
controlled milieu, HRP is sufficiently tolerant of some organic solvents that it may be 
utilized with monomers that require the addition of non-trivial amounts of solvent for 
dissolution.  For example, methyl methacrylate, a monomer commonly polymerized via a 
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free-radical mechanism, has poor solubility in water but does dissolve in aqueous 
solutions of either tetrahydrofuran (THF) or dioxane. By again utilizing the HRP, 
hydrogen peroxide, and acetylacetone ternary initiating system in a 25% THF aqueous 
solution, poly(methyl methacrylate) (PMMA) was readily generated with a Mn of 72 
kg/mol and a Đ of 3.1 at 85% yield, and was > 80% syndiotactic.113  In an example that 
used even more hydrophobic monomers, styrene, 4-methylstyrene, and 2-
vinylnaphthalene were all readily polymerized by HRP when dissolved in a suitable 
solvent system and in the presence of hydrogen peroxide and a mediator.98  The authors 
of this study investigated solvent and mediator effects and found that both significantly 
influenced yield and molecular weight.  Dimethylformamide (DMF), methanol, or 
dioxane as solvent resulted in particularly low yields, while the best solvent system was 
found to be THF:H2O in a 4:1 volumetric ratio.  When styrene was dissolved in this 
solvent system and polymerized in the presence of acetylacetone, the Mn was nearly 32 
kg/mol with a yield of 21.2%, while replacing acetylacetone with cyclopentadiene 
increased the Mn and yield to 68 kg/mol and 59.4%, respectively, affording a 
poly(styrene) that was nearly completely atactic.  Interestingly, the authors reported that 
the mediator was incorporated into the generated polymer, introducing the potential for 
post-polymerization modification. Interestingly, the authors reported < 5% yields during 
control experiments where iron(II) salts were used in place of HRP, although hydroxyl 
radicals, generated as a result of the Fenton reaction,114-116 would be anticipated to effect 
polymerization.  This is perhaps unexpected as the utilization of the non-enzymatic 
Fenton reaction in combination with the enzymatic production of hydrogen peroxide has 
been previously reported.117  The lack of iron-mediated polymerization here was likely 
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owing to high (e.g., 0.16 M) Fe2+ concentrations leading to polymerization-suppressing 
inhibitory and terminating reactions.118 
As an alternative to solution polymerization in non-aqueous systems, HRP-
mediated emulsion polymerization has also been utilized with monomers having limited 
water solubility. To illustrate, an emulsion of styrene in water, stabilized by the surfactant 
sodium dodecyl sulfate (SDS), was polymerized under anaerobic conditions by the 
familiar HRP, hydrogen peroxide, and acetylacetone ternary initiating system.119  As the 
components of the initiating system are all water soluble, polymerization proceeded 
through an emulsion polymerization mechanism, where polymers growing within 
surfactant-stabilized micelles yielded stable particles. This resulted in the formation of 
stable poly(styrene) particles, with diameters of 30–50 nm and yields typically between 
40% and 60%; the polymer had Mn ranging from 173 to 516 kg/mol with Đ of between 3 
and 8, with both being influenced by hydrogen peroxide concentration. Another approach 
to enzyme-mediated emulsion polymerization was demonstrated by utilizing HRP 
immobilized on a silicon wafer.120  The immobilization of HRP to a solid substrate 
conceivably simplifies its removal from the reaction mixture and allows its reuse. 
Emulsions of ethylene glycol dimethacrylate, stabilized by cetyltrimethylammonium 
bromide, were polymerized with the immobilized HRP, hydrogen peroxide, and 
acetylacetone. Although conversions were low⎯less than 5%⎯control experiments 
using free HRP yielded similar results. While the polymerization results described here 
were somewhat disappointing, given the very low yields, the procedure did successfully 
demonstrate the reusability of immobilized HRP. 
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1.3.2.1.2 Glucose Oxidase 
Another oxidoreductase, glucose oxidase (GOx), has also been utilized to initiate vinyl 
polymerization. GOx is a dimeric glycoprotein obtained from various sources and has 
been extracted from several fungi including Aspergillus121, 122 and Penicillium.122, 123  
This enzyme is composed of two identical polypeptide chain subunits connected by a 
disulfide bond,122, 123 with a total molar mass that varies from 130 to 175 kDa,122 and 
relies on a tightly bound cofactor, flavin adenine dinucleotide (FAD), for its catalytic 
activity. GOx utilizes molecular oxygen as an electron acceptor to catalyze the oxidation 
of β-d-glucose to d-glucono-δ-lactone and hydrogen peroxide.121, 124  This reaction 
initially proceeds by the enzymatic oxidation of glucose to d-glucono-δ-lactone, which is 
then non-enzymatically hydrolyzed to gluconic acid and is generally of little importance 
to subsequent reactions, while the cofactor FAD is reduced to FADH2. Subsequently, the 
reduced cofactor is reoxidized by molecular oxygen to yield hydrogen peroxide (Scheme 
12a).125  The in situ generated hydrogen peroxide can then be converted into initiating 
radicals through several strategies.  An early example, by Iwata and coworkers117 utilized 
Fenton chemistry (Scheme 12b)114-116 whereby the oxidization of Fe2+ to Fe3+ 
concomitantly reduced hydrogen peroxide to a hydroxyl anion and a hydroxyl radical – 
the polymerization initiating species.  Here, aqueous solutions of 2-hydroxyethyl 
methacrylate (HEMA), dissolved in a 0.1 M acetate buffer solution, were polymerized by 
the addition of GOx, glucose, and ammonium ferrous sulfate ((NH4)2Fe(SO4)2) (Scheme 
13). The authors confirmed that no polymerization proceeded in the absence of oxygen or 
Fe2+, but formulations lacking either of these components would begin to polymerize 
once the missing components was added. This concept was explored in depth in a series 
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of papers by Bowman and coworkers where hydrogels were formed from aqueous 
solutions of acrylate monomers.118, 126-129  In their earliest paper,118 hydrogels were 
formed from poly(ethylene glycol) diacrylate (PEGDA) and 2-hydroxyethyl acrylate 
within minutes of adding the initiating system components. The oxygen required for the 
reaction as supplied simply by the dissolved gases normally present (about 10−3 M) in the 
monomers. While oxygen is known to inhibit the chain-growth polymerization of 
acrylates, the GOx-mediated reaction consumed the oxygen sufficiently quickly to enable 
polymerization to proceed without significant oxygen inhibition. Regarding control over 
reaction rates, both Fe2+ and glucose played significant roles. Increasing the glucose 
concentration increased the polymerization rate until a point is reached where the system 
is saturated; as GOx is limited in how fast it can process glucose, excess glucose (greater 
than 1.0 × 10−3 M glucose with 6.25 × 10−7 GOx) did not increase reaction rates further 
once this point was reached. In contrast, whereas polymerization rates increase with 
raised Fe2+ at low Fe2+ concentrations, rates began to decrease at high Fe2+ concentrations 
(approximately 3 × 10−4 M). This iron-mediated inhibition was attributable to radical-
consuming side reactions involving either Fe2+ or Fe3+ ions. Despite these minor 
limitations, this initiating system was used to generate cell-encapsulating hydrogels, 
where the high resultant cell viability demonstrated the cytocompatibility of the initiating 
system components, including the residual GOx. 118  Thus, the hydrogels generated by 
this method could be suitable for utilization in biomedical applications. 
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Scheme 12: (A) Glucose oxidase catalyzes the reduction of oxygen and oxidation of 
glucose into hydrogen peroxide and gluconolactone, respectively. (B) Hydrogen 
peroxide is readily converted to hydroxyl radicals via the Fenton Reaction with Fe2+ 
ions.114-116  Arrows show reaction direction. 
 
Scheme 13: 2-Hydroxyethyl methacrylate (HEMA) is polymerized into poly(HEMA) in 
the presence of glucose oxidase (GOx), glucose, oxygen, and Fe2+. 117 
As noted above, a peculiarity of HRP-mediated polymerization is the rapid enzyme 
degradation by hydrogen peroxide.97, 98  This represents a serious challenge as hydrogen 
peroxide is the most common oxidant in the redox reaction catalyzed by HRP. While it is 
possible to circumvent HRP deactivation by simply adding the hydrogen peroxide slowly, 
limiting the concentration present at any given time, this manual and tedious solution is 
not always applicable, notably during in situ polymerizations. Instead of manually 
controlling the concentration, hydrogen peroxide can be generated in situ by utilizing 
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GOx, an approach that minimizes the hydrogen peroxide concentration present at any 
time as the GOx-generated hydrogen peroxide is quickly consumed by HRP. Such a 
bienzymatic system has been utilized both for thiol–ene reactions and for the oxidative 
coupling of phenols (both of which are discussed at length below), and has also been used 
for vinyl polymerization. For example, the GOx/HRP system was utilized to form 
bioinorganic hybrid hydrogels by polymerizing poly(ethylene glycol) methacrylate 
(PEGMA) in the presence of calcium niobate (CNO) nanosheets.130  Self-assembled 
sandwich structures, generated by combining HRP and CNO, were dispersed in an 
aqueous solution and polymerization would proceed after PEGMA, GOx, and glucose 
were added in the presence of molecular oxygen.  During polymerization, the assembled 
HRP/CNO structures would exfoliate, leading to the formation of a composite structure. 
As the enzymes were generally left unaffected by the polymerization, they were still able 
to function as catalysts even after hydrogel formation.  To evaluate the reusability of the 
immobilized enzymes, pyrogallol and glucose were added to the hydrogels; an enzymatic 
cascade, similar to the polymerization reaction, would proceed and the hydrogen 
peroxide, generated by GOx, would induce HRP-mediated oxidation of pyrogallol into 
purpurogallin.  Even after five cycles, the enzymes retained over 80% of their activity. 
Furthermore, the authors also found that the presence of the CNO nanosheets aided in 
preventing enzyme thermal deactivation, permitting these materials to be used under a 
broader range of conditions and suggesting their utility in a variety of sensor and 
purification applications. 
Bienzymatic systems have also been employed to solve other problems, notably 
circumventing oxygen inhibition.  As discussed above, the radical-mediated 
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polymerization of vinyl monomers is particularly susceptible to oxygen inhibition.  The 
presence of GOx in a bienzymatic initiating system thus functions not only in its 
aforementioned role for the in situ production of hydrogen peroxide but also as an oxygen 
scavenger, deceasing the oxygen concentration such that propagation is no longer 
inhibited.  In one example, the enzyme-mediated polymerization of 3-aminopropyl 
methacrylamide (APMA) was utilized to effect gold nanoparticle aggregation; once a 
sufficient degree of polymerization was reached, the resultant aggregation of the gold 
nanoparticles afforded a color shift readily monitored by changes in the visible 
spectrum.131  In this system, both GOx and HRP were utilized and it was the presence of 
GOx that permitted the polymerization reaction to proceed without inhibition under 
atmospheric conditions. 
Not all GOx-mediated reactions utilize molecular oxygen as the oxidant. 
Polymerization of PEGDA has been initiated by GOx (4 × 10−6 M), in the presence of 
glucose, catalyzing the reduction of N-hydroxy-5-norbornene-2,3-dicarboximide (HNDC) 
into a carbon-centered radical species.132  Moreover, this reaction still proceeded in the 
presence of HNDC-conjugated heparin, resulting in a hybrid PEGDA/HNDC-conjugated 
heparin hydrogel.  Unlike the examples of GOx-mediated polymerization described 
above, molecular oxygen seemingly played no initiating role—all materials were 
thoroughly degassed prior to use.  Such heparin-based hydrogels may be suited for drug 
delivery as the heparin-degrading enzyme heparanase is frequently overexpressed by 
some forms of cancer.133 
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1.3.2.1.3 Laccase 
Laccases, copper-containing oxidoreductases that are obtained from a variety of 
organisms, commonly fungi, including Pycnoporus coccineus,134 Myceliophthora 
thermophile,135 Trametes trogii,136 and Trametes versicolor,137-139 catalyze the reduction 
of molecular oxygen while concurrently oxidizing a hydrogen-donating substrate 
(Scheme 14).135  These reactions result in the formation of radical-bearing species and 
have been utilized in pulp/paper,140 food/beverage, and waste treatment applications.141, 
142  Laccase is of growing interest for polymerization reactions as it is able to directly 
generate radicals by oxidation of a mediator, commonly acetylacetone, unlike GOx which 
usually requires a second reaction to afford initiating radicals from the generated 
hydrogen peroxide. By utilizing a ternary initiating system similar to ones with HRP 
discussed above, Kobayashi and coworkers demonstrated the polymerization of 
acrylamide in the presence of oxygen, 0.016 M acetylacetone, and 7.8 g/L laccase 
(Scheme 15), affording polymer with a Mn of 23 kg/mol and a Đ of 2.0 at 97% yield.134  
The presence of acetylacetone was necessary to perform the polymerization at room 
temperature, which otherwise required elevated temperatures to generate polymer. In a 
study expanding upon this work, Hollmann and coworkers confirmed the lack of polymer 
formation in the absence of any component of the ternary initiating system (i.e., oxygen, 
acetylacetone, or laccase) when performing the reaction at room temperature, as well the 
inhibitory role adopted by oxygen⎯a problem they termed the “oxygen dilemma”.135 
Furthermore, they explored the limitations of laccase-mediated vinyl polymerization, 
notably the low activity of the enzyme and its poor stability. As a result of these issues, 
laccase is far less common than HRP to effect radical-mediated polymerizations; 
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nevertheless, vinyl polymerizations mediated by laccase continue to be explored. To 
address the dual initiating/inhibiting roles oxygen plays, del Monte and coworkers 
utilized GOx as an oxygen scavenger.143  They found that a quaternary initiating system 
composed of laccase, a mediator, GOx, and glucose would readily induce the 
polymerization of PEGDA monomers in aqueous solution at 37 °C, leading to the 
formation of a cross-linked hydrogel. Interestingly, oxygen-mediated inhibitory reactions 
completely prevented polymerization the absence of GOx and glucose, perhaps surprising 
as both laccase and GOx utilize oxygen as oxidant and thus each should be capable of 
removing oxygen from the solution. Also of note is that the hydrogen peroxide generated 
by GOx did not play any obvious role in the reaction mechanism, as the addition of 
catalase (an enzyme that removes hydrogen peroxide, converting it into oxygen and 
water) had minimal influence on the reaction conversion. Notably, instead of using a 
more typical diketone (e.g., acetylacetone), polyethylene glycol-polypropylene glycol-
polyethylene glycol (PEG-PPG-PEG) block copolymers were utilized as macro-
mediators; as initiation proceeded from a PEG-PPG-PEG-centered radical, the mediators 
were incorporated into the polymer network. While the utilization of macro-mediators led 
to lower conversions than when acetylacetone was utilized, the temperatures required 
were still sufficiently low to prevent enzyme deactivation. Moreover, the laccase 
encapsulated within the hydrogel retained 90% of its activity after polymerization, 
rendering it suitable for pollutant degradation applications. 
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Scheme 14: Laccase catalyzes the reduction of oxygen to water by oxidizing an 
appropriate substrate.135  Arrows shown reaction direction. 
In an exploration of the pollutant removal ability of a laccase-bearing polymer matrix, 
Zhang and coworkers first grafted poly(acrylamide) to chitosan in a laccase-mediated 
polymerization;138 once again, the necessity of a mediator, acetylacetone, was confirmed 
as no polymer formed in its absence. The resulting combination of the chitosan-
poly(acrylamide) graft copolymer, laccase, and acetylacetone were then successfully used 
to decolorize a model organic pollutant, malachite green, confirming that laccase was not 
deactivated during the formation of the chitosan-poly(acrylamide) graft copolymer. 
 
Scheme 15: Acrylamide is polymerized into poly(acrylamide) in the presence of laccase, 
oxygen, and acetylacetone (Acac).134 
In one particularly sophisticated application, laccase was used in the fabrication of 
composite nano-gel particles, generated from N,N’-bis(acryloyl)cystamine and loaded 
with two enzymes, catalase and superoxide dismutase, for utilization in ultrasound 
imaging.144  The formulation contained clusters made from supermagnetic iron oxide and 
an acrylate- and biotin-functionalized chitosan, as well as the laccase and N,N′-
bis(acryloyl)cystamine needed to form a nano-gel layer around the clusters, and 
polymerization at 25 °C resulted in the formation of 13 nm diameter particles. 
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While the laccase examples described thus far have utilized oxygen as a necessary 
component for initiation, results reported by di Lena and coworkers described the 
laccase-mediated polymerization of methacrylates via an anaerobic mechanism.145  They 
found that an aqueous solution of poly(ethylene glycol) methacrylate could be 
anaerobically polymerized in the presence of laccase, ascorbic acid, and ethyl 2-
bromoisobutyrate; all three components of this ternary initiating system were required to 
achieve significant reaction conversion, as no reaction occurred in the absence of laccase 
or ascorbic acid, while reaction conversions of only 2% were attained in the absence of 
ethyl 2-bromoisobutyrate. This initiating system is notable as it resembles those utilized 
for atom transfer radical polymerization (ATRP), a living polymerization method used to 
generate polymers with narrow dispersities (i.e., the breadth of a polymer’s molecular 
weight distribution).146  Unfortunately, despite the superficial similarity to ATRP, the 
laccase/ascorbic acid/bromo-compound ternary initiating system led to the formation of 
polymers with a Đ of greater than 1.94, much higher than those readily attainable through 
ATRP (often less than 1.1). Moreover, there was no correlation between molecular 
weight and reaction conversion—another trait of living radical polymerization. Even 
though the dispersities were disappointingly high, they found that it was possible to 
narrow the molecular weight distribution, achieving a Đ of 1.35, by utilizing a different 
living polymerization method, reversible addition fragmentation chain transfer 
(RAFT).146  In subsequent research, by this group and others, there have been many 
additional reports on enzyme-mediated living radical polymerization;147-152 however, as it 
is not closely related to oxygen-mediated polymerization, any further discussion is 
beyond our scope. 
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1.3.2.2 Oxidative Coupling 
Phenol and related compounds will polymerize via an oxidative coupling mechanism in 
the presence of oxygen and a suitable catalyst (often copper salts and amines) (Scheme 
16).  This process is best known for the commercial manufacture of poly(phenylene 
oxide) (PPO) from 2,6-substituted phenols via a polycondensation reaction, generating 
water as a byproduct, with a complex reaction mechanism that exhibits characteristics of 
both chain- and step-growth polymerization.153, 154  While the details of the reaction 
mechanisms are quite different from both vinyl chain-growth and thiol–ene step-growth 
polymerization, the utilization of oxidases and peroxidases to effect polymerization via 
oxidative coupling shares many characteristics with the other enzyme-mediated 
polymerization mechanisms. 
 
Scheme 16: The polymerization of 2,6-dimethylphenol into a poly(phenylene oxide) via 
oxidative coupling. 
1.3.2.2.1 Horseradish Peroxidase 
In many early examples, HRP was used to remove phenols from water by initiating 
oxidative coupling reactions that yielded dimeric, oligomeric and polymeric products.101, 
102  The intention here was not to produce polymers for use, but rather to aid in the 
removal of toxic pollutants; these products tend to be insoluble and readily precipitate, 
allowing for their facile removal by filtration. To illustrate, HRP and hydrogen peroxide 
were added to aqueous solutions of phenols to generate the readily separable higher 
molecular weight products.101  In contrast to the behavior observed with vinyl 
O2/Catalyst
n
OH O
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polymerization, phenol reacted directly with HRP and thus no additional mediator (e.g., 
acetylacetone) was required. Other than this difference, the utilization of HRP for either 
vinyl polymerization or oxidative coupling has many similarities, including a tendency 
for HRP to be deactivated by excess hydrogen peroxide; one strategy to inhibit HRP-
deactivation was to add poly(ethylene glycol) as it seemed to offer some protection to the 
enzyme and extended its useful lifetime.101  Beyond this early work, the pollution 
removal capabilities of HRP continue to be developed. Tang and coworkers combined the 
HRP/hydrogen peroxide system with a composite made of graphene oxide and nano-
Fe3O4 (GO/Fe3O4) and explored the capabilities of these materials for removing 2,4,-
dichlorophenol (DCP).103 The HRP/hydrogen peroxide system was shown to remove 
35% DCP within 2 h, while the GO/Fe3O4 composite on its own would only remove 9%. 
Combining the two systems demonstrated a synergistic effect where 93% of the DCP was 
removed, most of which occurred in the first 30 min. Other research has explored 
methods for preventing the deactivation of HRP by hydrogen peroxide. In efforts by 
Lopez-Gallego and coworkers,155 hydrogen peroxide was generated in situ by the action 
of two enzymes. This trienzymatic system, reminiscent of the GOx/HRP bienzymatic 
cascade discussed previously, used formate dehydrogenase, nicotinamide adenine 
dinucleotide (NADH) oxidase, and HRP, along with two redox cofactors, oxidized 
nicotinamide adenine dinucleotide (NAD+) and flavin mononucleotide (FMN). First, by 
the action of formate dehydrogenase, formic acid was oxidized to carbon dioxide while 
NAD+ was converted to its reduced form (NADH). The reduced NADH underwent a 
redox reaction with FMN, regenerating the oxidized NAD+ concomitantly with the 
reduced FMNH2 which, by the action of NADH-oxidase, was oxidized back to FMN as 
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molecular oxygen was reduced to hydrogen peroxide. Finally, by the familiar behavior of 
HRP, phenolic contaminants were polymerized. Interestingly, this enzymatic cascade did 
not function when all the enzymes were solubilized; while this inhibitory mechanism was 
not elucidated, it appears likely that one of the enzymes may have been deactivated by 
the presence of hydrogen peroxide. Nevertheless, when the formate dehydrogenase and 
NADH-oxidase were immobilized on glyoxal-functional agarose beads and HRP on 
boronate-functional agarose beads, this trienzymatic system functioned well and proved 
capable of removing phenolic contaminants. 
In addition to its role in phenolic contaminant removal, HRP has also been 
explored as a means to generate useful polymeric materials. As many phenolic 
compounds, as well as their potential polymeric forms, have limited solubility in water, 
these reactions are often performed in mixed solutions of water and organic solvents. In 
an early example by Dordick and coworkers,156 the polymerization of 4-phenylphenol 
and other substituted phenols in water/dioxane solutions was demonstrated. While the 
activity of HRP decreased as the dioxane concentration was increased, it still remained 
quite active at dioxane concentrations as high as 80% or 90%. This is important as 
substituted phenols have low solubility in water and their oligomeric derivatives even less 
so, thus the production of higher MW products necessitated the utilization of solvent 
blends with significant dioxane concentrations. For example, a solution of 4-
phenylphenol in 10% dioxane and water, with the addition of HRP and hydrogen 
peroxide, formed oligomeric products of only 0.5 kg/mol, whereas increasing the 
concentrations of dioxane to 85% led to products with Mn of 26 kg/mol. This effect was 
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largely attributable to the increased solubility of the products in the water/dioxane solvent 
blends. 
In a demonstration of how enzymatic polymerization leads to the facile synthesis 
of functional macromolecules, Cui and coworkers polymerized pyrogallic acid to 
generate moderately-high molecular weight polymers.157 Adding HRP and hydrogen 
peroxide to pyrogallic acid solutions in water/solvent blends, again necessary to 
solubilize both the monomers and generated polymer, resulted in poly(pyrogallic acid) 
polymers with Mn as high as 39 kg/mol; these materials were found to have excellent 
antioxidant properties, exceeding those of commonly-used commercial materials. 
Difficulties with solubility can be avoided by utilizing water-soluble, phenol-
functionalized materials. This approach has been utilized to produce cross-linked 
hydrogels, where phenol-functionalized polysaccharides have been regularly polymerized 
by the HRP/hydrogen peroxide initiating system. To give two examples by different 
groups, both phenol-functional alginate, examined by Sakai and coworkers,158 and 
dextran, explored by Feijen and coworkers,159 rapidly polymerize after exposure to HRP 
and hydrogen peroxide, with both systems achieving gel times of less than 10 s. Both 
groups also noted that gelation times increased at high hydrogen peroxide concentrations, 
attributable to HRP deactivation. As mentioned previously, a bienzymatic system where 
GOx generates hydrogen peroxide in situ can be utilized to circumvent the HRP 
deactivation, an approach that has been explored at length.160-166 
Lignin, a complex aromatic macromolecule found in cell walls that is present as a 
waste product in paper pulping processing, is currently under-utilized as a natural 
resource. By having facile methods available for modifying lignin, this waste material 
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could be readily incorporated into polymeric industrial products (e.g., paint, coatings, and 
adhesives). It has been found that sulfonated lignin can be utilized as an industrial 
dispersant, with tremendous improvement in properties observed at higher molecular 
weights. Qiu and coworkers were able to increase the molecular weight of sulfonated 
lignin six-fold via polymerization initiated by HRP and hydrogen peroxide.167 
In addition to phenolic monomers, other monomers have been polymerized by 
HRP-mediated oxidative reactions, including those used to make conductive polymers.168, 
169 Samuelson and coworkers utilized the HRP/hydrogen peroxide initiating systems to 
generate polyaniline (PANI).168  A major challenge in the enzyme-mediated 
polymerization of aniline is its lack of water-solubility. While there have been many 
reports on methods to circumvent its poor water solubility (e.g., using solvent blends, or 
by emulsion polymerization), the resulting product is typically not the desired benzenoid-
quinoid form of the polymer, instead forming a branched structure that limits conjugation 
length and the resulting conductivity. The approach by Samuelson involved polymerizing 
aniline in the presence of a polyelectrolyte template, sulfonated polystyrene, that both 
aided polymer solubility and promoted monomer alignment. The resulting PANI 
demonstrated conductivity that was readily controlled by changing process conditions. 
Similarly, this approach of using sulfonated polystyrene as template was also utilized in 
the formation of another conductive polymer, poly(3,4-ethylenedioxythiophene) 
(PEDOT), where the monomer, 3,4-ethylenedioxythiophene, was polymerized in the 
presence of the template and HRP/hydrogen peroxide as the initiating system.169 
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1.3.2.2.2 Glucose Oxidase 
For HRP-mediated polymerization reactions performed in a reactor and intended for 
subsequent utilization, hydrogen peroxide can be added at any arbitrary rate, minimizing 
the concentration at any time, and mitigating deactivation of the enzyme. This approach, 
however, is not possible for any type of in situ polymerization. Thus, it is useful to be 
able to generate the necessary hydrogen peroxide only as it is needed; this approach has 
been employed, as has been already seen in several examples discussed above, for vinyl 
and thiol–ene reactions, where GOx generates hydrogen peroxide in situ, which can then 
be used by further reaction with a peroxidase to initiate polymerization.162-166 
The apparent earliest utilization of this bienzymatic system, by Kobayahsi and 
coworkers, was for the polymerization of substituted phenols. 163  Phenol and several 4-
alkylphenols, which the alkyl groups ranging from methyl to pentyl, were polymerized 
using the GOx/glucose/oxygen/HRP quaternary initiating system (with both enzymes at a 
concentration of 2 g/L) with no external mediator required (Scheme 17). The polymers 
generated had Mn as high as 13 kg/mol, with the solubility of the polymer likely the 
limiting factor for molecular weight. This method was readily adapted for the production 
of hydrogels by using water-soluble, phenol-functionalized polymers, including 
hyperbranched polyglycerols,162 alginates,165 and poly(vinyl alcohol).166  As this 
technique has been utilized with biocompatible polymers, it holds promise for the 
development of scaffolds for living cells and biomedical adhesives, suitable for hemostats 
and wound closures, as has been demonstrated on rat models.166 
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Scheme 17:  Utilizing horseradish peroxidase (HRP), glucose oxidase (GOx), glucose, 
and oxygen as a quaternary initiating system for polymerizing substituted phenols.163 
1.3.2.2.3 Laccase 
As was the case for vinyl polymerization, laccase has also been utilized for initiating 
polymerization by oxidative coupling. The reaction proceeds readily in the presence of 
molecular oxygen and phenolic compounds, without requiring an additional mediator. 
The laccase-mediated oxidative coupling of phenols bears a strong resemblance to the 
HRP-mediated reaction – many of the applications are quite similar—though, since 
laccase utilizes oxygen as an oxidant, one crucial difference is the lack of enzyme 
deactivation upon hydrogen peroxide exposure. In a fairly simple example, laccase has 
been investigated as a method for generating polymers from phenolic compounds and 
related materials.170  The molecular weights of polymers made from phenol or 4-tert-
butyl phenol were typically in the 1–2 kg/mol range. Other monomers resulted in 
polymers of higher molecular weight, with polymers made from m-cresol having Mn 
approximately 15 kg/mol and those from bisphenol A over 21 kg/mol. As the reactions 
were performed in aqueous solutions of solvents, molecular weight was likely influenced 
by the solubility of the generated polymer. 
Laccase-mediated reactions were also investigated as a means to generate small 
molecule products from phenolic precursors.171  This reaction was performed in 
ethanol/water solutions and, unlike with vinyl polymerizations, no external mediator 
(e.g., acetylacetone) was required. While some small molecule products were produced, 
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there was also significant amounts of undesirable oligo- and polymeric products formed. 
In utilization similar to that of HRP, this ability to generate insoluble products from 
phenolic compounds has been utilized for the removal of contaminants from waste 
streams, including bisphenol A142, 172, 173 or 1-naphthol.137  There is particular interest in 
developing methods for the facile removal of bisphenol A, as this compound is used in 
the production of many commercial polymeric products and has numerous deleterious 
medical attributes associated with it. 
In an application similar to an HRP-mediated one described above, laccase has 
been utilized to modifying lignin, a phenolic waste product obtained from paper mills.136  
In efforts to find facile methods for making use of this common waste product, a laccase-
mediated reaction was utilized to increase the molecular weight of lignin six-fold; their 
were also extensive modifications to the functional groups present, with carbonyl and 
aliphatic hydroxyl groups becoming more prevalent as the concentration of methoxyl and 
aromatic hydroxyl groups decreasing. As noted previously,167 increasing the molecular 
weight of lignin tends to improve its performance as an industrial dispersant and it seems 
likely that both laccase and HRP are capable of modifying lignin for this purpose. 
As is the case for HRP, laccase is also capable of polymerizing non-phenolic 
monomers via oxidative coupling, often for the production of conductive polymers.139, 174  
As the monomers, including pyrrole139 and 4-aminodiphenylamine,174 and resultant 
polymers are sparingly water soluble, alternative methods are required to prevent 
precursors and products from precipitating. Thus, enzymatic polymerization reactions 
using these monomers have been performed in the presence of vesicles formed by sodium 
bis-(2-ethylhexyl)sulfosuccinate, a common industrial surfactant widely known as AOT. 
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While the AOT vesicles assisted in keeping the generated polymer dispersed they also 
acted as templates for polymerization, decreasing the number of defects in the polymer 
and helping improve the electrical properties by increasing conjugation length.139, 174  
This vesicle template utilization was similar to that of the sulfonated polystyrene 
discussed above in HRP-mediated reactions.168, 169 
1.3.2.3 Applicability of Enzyme-mediated Reactions Towards In Situ Polymerization 
As seen throughout this detailed discussion on enzyme-mediated polymerization, 
oxidoreductases, including HRP, GOx, and laccase, have been deployed, in variety of 
roles (e.g., initiator, catalyst, oxygen scavenger), to perform radical-mediated 
polymerization reactions in an extraordinarily wide range of environments, from in vitro 
solution and emulsion polymerization, to the in situ generation of cross-linked hydrogels, 
to the formation of polymers on a surface or inside hollow particles.  With this 
demonstrated versatility, it seems quite reasonable that oxidoreductases will be useful in 
initiating oxygen-mediated polymerization.  Oxidases, in the presence of atmospheric 
oxygen and a suitable substrate, will readily either generate radicals directly or afford 
hydrogen peroxide that can then be converted to radicals either by the action of a 
peroxidase or through a non-enzymatic route (e.g., Fenton reaction).  As enzymes can be 
quite stable in pH controlled aqueous environments, oxidoreductase-based initiating 
system seems especially well-suited for in situ hydrogel formation and may be 
particularly relevant for the medical adhesive and sealant applications discussed above.  
Conversely, with the possibility of stability issues in a non-aqueous environment, they 
may not be the best choice for, say, bulk polymerization – a likely requirement for the 
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self-healing applications that are also of interest.  Thus, additional initiating systems 
suitable for oxygen-mediated bulk polymerization will be investigated. 
1.3.3 Alkylboranes 
1.3.3.1 Alkylboranes as Initiators for Vinyl Polymerization 
Alkylboranes have long been utilized for the chain-growth polymerization initiation, with 
reports going back to at least the late 1950s, though it took several years for even the 
most basic details of the reaction mechanism to be properly elucidated.  Furukawa and 
coworkers, in 1957,175 demonstrated the polymerization of vinyl monomers (including 
vinyl chloride, vinyl acetate, vinylidene chloride and acrylonitrile) using triethylborane as 
the initiator; the same year, Kolesnikov and Federova reported similar findings, utilizing 
tributylborane to polymerize acrylonitrile.176  While Furukawa initially identified the 
polymerization mechanism as anionic, in 1958, Fordham and Sturm correctly asserted 
that the mechanism must be radical-mediated.177  To establish this, they polymerized 
monomer pairs that were known to form copolymers of differing monomer ratio 
depending on the polymerization mechanism (anionic, cationic, or radical); they found 
that when methyl methacrylate (MMA) was polymerized with either acrylonitrile or 
styrene, the concentration of MMA present in resulting copolymers closely agreed with 
previous concentrations reported for radical-mediated processes.  Numerous reports 
followed that strongly supported the radical-mediated nature of the alkylborane-initiated 
polymerization reaction.178-184 
In the early confusion of the alkylborane-mediated polymerization mechanism, it 
was not immediately apparent that oxygen was required to generate initiating radicals – 
there was no mention in the initial papers of either Furukawa175 or Fordham.177 A brief 
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paper by Kolesnikov and Federova pointed out that the alkylborane-mediated 
polymerization of acrylonitrile would only show significant yield in the presence of 
atmospheric oxygen (Scheme 18)185 and a report from Ashkiri indicated that the trace 
amounts of oxygen present in imperfectly degassed reagents seems to be sufficient for 
polymerization initiation.186  Quite quickly thereafter, more evidence rapidly accumulated 
that initiating radicals would only form when alkylboranes were exposed to molecular 
oxygen.178-180, 183 
 
Scheme 18: Chain-growth polymerization of acrylonitrile initiated by tributylborane 
and molecular oxygen. 185 
Thus, by the late 1960s, it was well established that radicals capable of initiating 
free polymerization reactions were readily generated by the reaction of molecular oxygen 
and alkylboranes.  Interestingly, there have been numerous contradicting reports as to 
whether the initiating radials formed are either alkyl or alkoxy radicals and there were 
disagreements as to how these radicals could form.182  For example, two mechanisms 
have been proposed as the radical generating reactions, with the first of these predicting 
the formation of alkyl radicals (see Equations 1–3) 
  (1) 
  (2) 
  (3) 
 
H2N O
B(n-Bu)3/O2
H2N
n
O
R3B + O 2  ⎯→⎯ R2BOO• + R• 
R• + O 2  ⎯→⎯ ROO• 
RO2 • + R 3 B ⎯→⎯ R2BOOR + R• 
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and the second predicting alkoxy radicals (4). 
 
  (4) 
While Sonnenschein and coworkers showed that the second of these was 
thermodynamically favored, they also demonstrated the complexity of the reaction by 
showing other mechanistic routes that could lead to the formation of alkyl radicals as well 
as alkoxy radicals.  Additional insight into the mechanism was established by Chung and 
Zhang, where they utilized a triethylborane/O2 initiating system to polymerize vinylidene 
fluoride into poly(vinylidene fluoride) (PVDF).187  They performed a series of 
experiments where the oxygen-to-triethylborane ratio was varied and, to establish the 
identity of the initiating radical, end group analysis was performed using NMR.  For low 
oxygen-to-triethylborane ratio, the initiating radical was exclusively an ethyl radical, as 
no ethoxy end groups were detected, and it was only when the concentration of oxygen 
begins to exceed that of triethylborane were ethoxy end groups detected.  Thus, if an 
experiment where to be performed in a milieu with an abundance of oxygen, it is likely 
that both alkyl and alkoxy radicals would be formed. 
Finally, additional mechanistic studies where performed by Zheng and coworkers 
where they used mass spectroscopy to examine the variety of products formed by the 
reaction between oxygen and tributylborane.181  Confirming the results of Chang and 
Sonnenschein,182, 187 both butoxy and butyl radicals were formed, the latter through 
several pathways.  A summary of the main radical-affording reactions is given in 
Equations 5–7: 
R3B + O 2  ⎯→⎯ R2BOOR⎯→⎯ R2BO• + RO• 
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(5) 
  (6) 
 
 
(7) 
Thus, the reaction between trialkylboranes and molecular oxygen affords several 
products and it is the alkyl and alkoxy radicals that are of greatest interest as these species 
are those likely to initiate polymerization. 
It should be apparent from the above discussion that oxygen plays a critical role in 
the radical-yielding reactions with alkylboranes: as has been convincingly demonstrated, 
alkylboranes will only initiate radical-mediated chain-growth polymerization of vinyl 
monomers in the presence of oxygen.  Unfortunately, the utilization of oxygen in a 
radical-mediated chain-growth polymerization method can be problematic as this reaction 
is extraordinarily sensitive to oxygen.  As discussed above (Scheme 9), oxygen is capable 
of reacting with the propagating carbon-centered radical, forming a peroxy radical that 
does not propagate at an appreciable rate.  This creates a dilemma: oxygen is not only 
necessary for initiation, but it also plays an inhibitory role where excessive oxygen 
concentrations retard polymerization rates.  A paper from 1962 by Welch and coworkers 
asserted that maximal reaction rates and extents were demonstrated when the 
concentrations of oxygen and triethylborane were at roughly the same concentrations.178  
This phenomenon was quite clearly shown in work by 2006 Chung,187  where the 
alkylborane/oxygen initiating systems were utilized to polymerize vinylidene fluoride.  
Varying the oxygen-to-triethylborane ratio influenced the reaction conversion with lower 
R3B + O 2  R2BOOR R2BO• + RO• 
RO• + R3B R2BOR + R•  
3 R2BO•  3 R• +  O B O
BOBR R
R
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conversions observed at either low or high oxygen concentrations.  Above a ratio of 5.2 
mmol O2 to 2.4 mmol triethylborane, no polymerization was observed, with the lack of 
polymerization almost certainly caused by oxygen inhibition.  The oxygen inhibition 
problem strongly suggests that, while alkylboranes are quite useful for performing 
radical-mediated vinyl polymerization in an environment with facile control of oxygen 
concentration, it seems less useful for in situ polymerization, where the oxygen 
concentration is not readily controlled. 
While the oxygen-mediated radical-generation of alkylboranes may not be useful 
for in situ polymerization of vinyl monomers via a chain-growth mechanism owing to its 
sensitivity to the presence of oxygen, it may be of use for initiating the thiol–ene reaction, 
the radical-mediated step-growth polymerization reaction that, as discussed in the 
following section, displays extraordinary resistance to oxygen-inhibition.   
1.3.3.2 Alkylboranes as Thiol–ene Initiators 
The thiol–ene reaction, an anti-Markovnikov addition between a thiol and an electron-
rich carbon-carbon double bond (e.g., vinyl ether or allyl ether), is a radical-mediated 
reaction that, unlike the chain-growth vinyl polymerization described above, proceeds 
through a step-growth mechanism.55, 188  Initiation of the thiol–ene reaction commences 
upon the generation of radicals which can either add across a carbon-carbon double bond, 
affording a carbon-centered radical, or abstract a hydrogen from a thiol monomer, 
yielding a sulfur-centered thiyl radical. Subsequently, the reaction proceeds via 
alternating propagation and chain transfer events where a thiyl radical initially adds 
across a double bond to afford a carbon-centered radical. Owing to the use of electron-
rich carbon-carbon double bonds, this carbon-centered radical is unable to propagate; 
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however, it is able to participate in a chain transfer reaction with the ubiquitous thiol, 
abstracting a thiol hydrogen and yielding the final product, a thioether linkage, and 
regenerating a thiyl radical (Scheme 19A). As this is a step-growth mechanism, the thiol 
and carbon-carbon double bonds are consumed in a 1:1 stoichiometric ratio. Whereas 
monofunctional reactants will only coupling together and not polymerize, difunctional 
reactants will form linear polymers and multi-functional monomers are necessary to form 
cross-linked polymer networks. A distinguishing characteristic of the thiol–ene 
polymerizations is that, unlike radical-mediated vinyl polymerizations, they are 
extraordinarily resistant to oxygen inhibition;55, 188, 189 the peroxy radical generated by the 
addition of the carbon-centered radical to oxygen is able to abstract a thiol hydrogen, 
permitting the cycle of alternating propagation and chain transfer reactions to continue 
(Scheme 19B). This inherent tolerance to oxygen permits thiol–ene polymerization to 
proceed under atmospheric conditions and suggests that it is well-suited for oxygen-
mediated initiation. 
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Scheme 19:  Radical-mediated thiol–ene reaction. A) Thiols and electron-rich carbon-
carbon double bonds form thioether linkages via radical-mediated, alternating 
propagation and chain transfer reactions.55, 188 B) The thiol–ene reaction is resistant to 
oxygen inhibition as any peroxy radicals formed are still capable of abstracting thiol 
hydrogens. 55, 188, 189 
To my knowledge, there has been no prior intentional utilization of 
alkylborane/O2 as a thiol–ene polymerization initiating system.  However, there are many 
examples of the alkylborane/O2 initiating system used to perform small molecule thiol–
ene chemistry, where thiols have been added to vinyl- and alkynyl-bearing compounds.  
(The reaction between thiols and alkynyl compounds is known as the thiol–yne reaction 
as is the carbon-carbon triple bond analogue of the thiol–ene reaction.190-192)  A 
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particularly early example, by Davies and Roberts,193 demonstrates that thiyl radicals can 
be generated from 1-butylthiol and tributylborane in the presence of atmospheric oxygen 
and that the thiyl radical is capable of adding across the carbon-carbon double bond of 1-
octene.  After this, there have been many other reports. For example, Oshima and 
coworkers demonstrated the addition of thiols to either alkenes or alkynes using 
triethylborane and as the initiator.194  Interestingly, the role of oxygen is not made explicit 
and is only mentioned obliquely in a footnote.  Despite this, there can be doubt that 
molecular oxygen is required in this system as there is no mention of monomer degassing 
and thus, with the low concentrations of oxygen utilized in the chain-growth vinyl 
polymerizations discussed above, there is certainly sufficient oxygen present to effect 
radical formation from triethylborane.  The triethylborane/O2 initiating system was 
utilized to couple a variety of aromatic and aliphatic acetylenes or alkenes with either 
aliphatic or aromatic thiols, with conversion varying from 53 to 95%.  For a thiol–ene 
example, 1-dodecene and 1-butylthiol formed 1-butylthiododecane (Scheme 20a).  To 
give a few thiol-yne examples, 1-dodecyne and benzenethiol were coupled, by addition of 
triethylborane, to form 1-phenylthio-1-dodecene (Scheme 20b); replacing the 
benzenethiol with the aliphatic 1-butylthiol yielded 1-butylthio-1-dodecene, though the 
yields were typically lower with aliphatic reactants.  As this is a thiol–yne reaction, the 
alkenyl sulfides formed from the thiol–acetylene reaction are also capable of addition by 
the thiol–ene mechanism and thus compete with acetylenes.  Given that the yields of 
some of the reported reactions were somewhat modest, with some as low as 50 or 60%, it 
is likely the presence of the diaddition products(Scheme 20c), where the alkenyl sulfide 
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reacts with another thiol via the thiol–ene mechanism, partially accounts for the low 
conversions seen in some of the thiol–acetylene experiments.  
 
Scheme 20: Thiol–ene and thiol–yne reactions initiated by triethylborane and oxygen. 
A) 1-dodecene and butylthiol react to form a thioether.  B) 1-dodecyne and 
benzenethiol react to form an alkenyl sulfide, with two stereoisomers possible.  C) The 
alkenyl sulfide can react with a second thiol to form diaddition products. 194 
Also of interest is that reactants with multiple unsaturations were utilized to form, per the 
authors’ claims, ring-containing products.  Additional research into forming ring-
containing structure via thiol-yne chemistry and alkylborane initiators was performed by 
Demchuk and coworkers,195 where they demonstrated the formation of dithiacycloalkanes 
from a variety of dithiols and a monofunctional acetylenes with a tripropylborane/O2 
initiating system.  The role of oxygen is acknowledged here as being necessary to form 
the propyl radicals from tripropylborane.  Once radicals are generated, the production of 
the dithiacycloalkanes results from, in the first step, the reaction of a thiol and the 
acetylene to yield an alkenylsulfide which, in a second step, then reacts with the second 
thiol.  These reactions were performed in moderately dilute solutions (starting material 
concentrations were approximately 0.1 M) and the yields were between 39 and 71%.  
This work is especially interesting as there is a possibility of linear oligo- or polymeric 
material forming during this reaction as the alkenyl sulfide is capable of reacting with a 
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thiol on a second dithiol.  In other words, cyclization only occurs when the acetylene 
reacts with the two thiols on a single dithiol molecule and linear products will formed 
with the thiols are from different dithiol molecules.   It is unfortunate that the authors 
seem only interested in the cyclization reaction as they completely ignore the possibility 
of linear products forming, even though this would partially explain the modest yields 
reported.  Had these systems been investigated more thoroughly, this would have 
possibly been the first report of thiol–yne polymerization initiated by an alkylborane/O2 
initiating system. 
As further demonstration of the versatility in using alkylboranes and oxygen as 
initiators for thiol–ene or –yne chemistry, work by Sato and coworkers demonstrated the 
addition of a thiol to an ynamide group,196 an N-alkynylamide with an internal carbon-
carbon triple bond adjacent to a nitrogen with an electron withdrawing group, proceeding 
through the same alternating propagation and chain-transfer steps of the thiol–ene and –
yne reactions.  Similar to the work by Oshima,194 triethylborane is utilized as the initiator, 
though here the necessity of molecular oxygen is made explicit, and the triethylborane/O2 
initiating system was utilized, with the initial temperature at -30ºC, to successfully couple 
arenethiols to the ynamide-functional N-benzyl-N-(1-octynyl)-p-toluenesulfonamide 
(Scheme 21).  When the arenethiol was benzenethiol or one with an electron withdrawing 
group, the reaction product displayed surprising good regioselectivity, with Z/E ratio > 
99/1.  This extraordinary control over regioselectivity was later exploited by Reddy and 
coworkers.197  In this fairly recent example, triethylborane/O2 initiating system was used 
to initiate the coupling of small, monofunctional aromatic thiols with acetylenes as a step 
in synthesis of Rigosertib, an anti-cancer agent that is only active in its E isomeric form.  
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They found that changing the reaction conditions, including reaction temperature and 
solvent, had significant influence on the Z/E ratio, which was readily varied from 100:0, 
favored at low temperatures, to 0:100, which was only observed when small amounts of 
methanol were added to the reactor.  The authors explained that the presence of a polar 
solvent slows down hydrogen abstraction from the thiol, permitting the Z-isomer of the 
carbon-centered radical to isomerize into the more stable E-isomer. 
 
Scheme 21: Thiol-ynamide reaction initiated by triethylborane and oxygen.  N-benzyl-
N-(1-octynyl)-p-toluenesulfonamide and benzenethiol couple together, the presence of 
triethylborane and oxygen, to from N-benzyl-N-[(Z)-2-(phenylsulfanyl)-1- octenyl]-p-
toluenesulfonamide.196 
  
Thus, with the high conversions reported in the alkylborane-mediated thiol-ene 
reactions of small molecules, the alkylborane/O2 initiating system seems particularly 
well-suited for thiol–ene chemistry and it seems quite reasonable that, if multifunctional 
thiols and ene monomers are utilized, this initiating system could be readily adapted for 
polymerization reactions.  Moreover, given that the thiol–ene reaction is extraordinarily 
resistant to oxygen inhibition, it seemed likely that the alkylborane/O2 system will be 
especially useful for initiating oxygen-mediated thiol–ene polymerization. 
1.3.4 Polymerization Chemistry 
In the above discussion, two outstanding oxygen-mediated initiating system candidates 
were discussed: oxidoreductase enzymes and alkylboranes.  Both systems, after exposure 
to molecular oxygen, generate radicals capable of initiating polymerization reactions; the 
BEt3/O2+
S
O
O N
S
S
O
O N
SH
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enzyme-based systems are particularly well-suited for use in an aqueous milieu, and thus 
are a good match for biomedical applications that require in situ hydrogel formation, 
while the alkylboranes seem potentially quite useful for polymerization in a non-aqueous 
environment, suggesting their capacity for initiating bulk polymerization reactions, and 
seems quite suitable for self-healing applications. 
Having established viable means for generating radicals in response to oxygen 
exposure, we must now decide on what to do with we these radicals – that is, which of 
the many radical-mediated polymerization chemistries is the best match for the 
requirements of both the biomedical and self-healing applications.  In the course of the 
discussion on enzyme- and alkylborane-mediated reactions, three radical-mediated 
chemistries have been discussed: the polymerization of vinyl monomers via a chain-
growth mechanism, the oxidative coupling reactions of phenolic monomers, and the step-
growth thiol–ene reaction between thiols and allyl rich carbon-carbon double bonds.  Of 
these three, the chain-growth polymerization of vinyl monomers is the most familiar as it 
has numerous industrial applications in inks, coatings, and adhesives and it has certainly 
been utilized in performing both bulk and aqueous solution polymerization.  Because of 
its familiarity, its strengths and weaknesses are quite well documented and this reaction 
has one deleterious attribute that must be addressed: oxygen inhibition.  As shown above 
(Scheme 9), the presence of molecular oxygen severely retards polymerization rates 
owing to the formation of peroxy radicals.  Indeed, in one of the alkylborane examples, 
no polymerization of vinylidene fluoride was observed at modest oxygen 
concentrations.187  Moreover, oxygen inhibition was noted throughout the discussion on 
enzyme-mediated reactions and is responsible for some of the long induction times 
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witnessed – that is, oxygen must be consumed before substantial polymerization will 
proceed.107, 131  Despite this, there are means to successfully deal with oxygen inhibition.  
Using an example for the enzyme discussion above, glucose oxidase has been utilized as 
an oxygen scavenger,143 allowing for oxygen concentrations to sufficiently decrease to 
levels that permit polymerization to proceed.  This idea places glucose oxidase in a dual 
role, playing both initiator and scavenger, and has allowed for the successful 
polymerization of aqueous solution of acrylate monomers.118  So clearly, in many 
applications, the issue of oxygen inhibition can be dealt with if necessary.  Unfortunately, 
for the biomedical and self-healing applications that are of interest here, presently 
available strategies are likely insufficient.  To give an example, in the autonomous 
healing of a micrometeoroid-induced puncture,37, 38, the unrelenting flow of oxygen-
containing air flowing through the puncture would likely overwhelm any oxygen 
scavenging system, rendering it useless and preventing the polymerization necessary to 
seal the plug.  Thus, while oxygen inhibition can be mitigated and accounted for, the 
innate oxygen sensitivity of chain-growth vinyl polymerization renders it a poor first 
choice for oxygen-mediated polymerization. 
Conversely, the radical-mediated step-growth thiol–ene reaction is extraordinarily 
resistant to oxygen inhibition.  As discussed above (Scheme 19B), the peroxy radicals 
that can form in the presence of oxygen are still capable of abstracting thiol hydrogens, 
permitting the thiol–ene cycle to continue.55, 188, 189  This tolerance to the presence of 
oxygen makes thiol–ene chemistry an ideal candidate for performing oxygen-mediated 
polymerization.  Furthermore, there is vast body of literature on the thiol–ene reaction 
that describes the incredibly broad range of mechanical properties that can be attained by 
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changing monomer structure and functionality.  The thiol–ene reaction is also quite 
tolerant of other functional groups, permitting a wider array of monomers to be utilized 
than, say, cyanoacrylate chemistry where many functional groups (e.g., amines) would 
prematurely initiate polymerization.  Another advantage of thiol-ene chemistry is that its 
step-growth mechanism forms a more homogenous cross-linked networked than one 
formed through a chain-growth network198  and, in addition, the delayed onset of gelation 
tends to generate less shrinkage stress;199 both of these result in improved mechanical 
properties.   
Incidentally, this preference for step-growth over chain-growth mechanisms also 
suggests that thiol–ene chemistry is a better first choice than the oxidative coupling (e.g., 
the third of the three radical-mediated polymerization chemistries discussed above).  
While the oxidative coupling of phenolic monomers does not appear to be oxygen 
inhibited, its polymerization mechanism is complex and has characteristics of both step 
and chain growth.  Moreover, while the in situ formation of hydrogels via oxidative 
coupling has been thoroughly investigated, its utilization for in situ bulk polymerization 
doesn’t seem to be described, whereas the thiol–ene reaction has been extensively used in 
both hydrogel198, 200, 201 and bulk polymerization reactions.199, 202-205 
Thus, the research presented in this dissertation will focus on the utilization of 
oxygen to initiate radical-mediated thiol–ene polymerization.  As our interests here are in 
developing materials suitable for either self-healing and biomedical applications, both 
bulk and aqueous solution polymerization will be investigated.  Based on the discussions 
above, alkylboranes will be investigated as initiators for bulk polymerization and 
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oxidoreductases will be used for aqueous solution polymerization leading to the 
formation of hydrogels. 
1.4 Overview of Subsequent Chapters 
Chapter Two examines, through the use of ballistics testing, the self-healing properties of 
thiol–ene monomer formulation that utilize trialkylboranes as oxygen-mediated initiator.  
Chapter Three extends this discussion by utilizing a much more stringent ballistics test 
protocol – one that better mimics lunar or Martian conditions.  Chapter Four explores the 
potential for enzyme-based initiating systems to form thiol–ene-based hydrogels through 
an oxygen-mediated process.  Chapter Five further examines the enzyme-based initiating 
system and describes their role in fabricating chitosan-based hydrogels.  Chapter Six 
discusses a novel approach to oxygen-mediated polymerization that looks beyond that 
alkylborane and enzyme chemistries by examining a derivative of oltipraz, a compound 
explored as a chemopreventive, as a method for affording radicals in the presence of 
oxygen.  The dissertation is concluded in Chapter Seven with a discussion on the major 
results described here as well as comments on the potential for future research. 
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Chapter 2 
Rapid, Puncture-Initiated Healing via Oxygen-Mediated Polymerization 
Abstract:  Autonomously healing materials that utilize thiol−ene polymerization initiated 
by an environmentally borne reaction stimulus are demonstrated by puncturing tri-layered 
panels, fabricated by sandwiching thiol−ene−trialkylborane resin formulations between 
solid polymer panels, with high velocity projectiles; as the reactive liquid layer flows into 
the entrance hole, contact with atmospheric oxygen initiates polymerization, converting 
the liquid into a solid plug. Using infrared spectroscopy, we find that formulated resins 
polymerize rapidly, forming a solid polymer within seconds of atmospheric contact. 
During high-velocity ballistics experiments, additional evidence for rapid polymerization 
is provided by high-speed video, demonstrating the immediate viscosity increase when 
the thiol−ene−trialkylborane resins contact atmospheric oxygen, and thermal imaging, 
where surface temperature measurements reveal the thiol− ene reaction exotherm, 
confirming polymerization begins immediately upon oxygen exposure. While other 
approaches for materials self-repair have utilized similar liquid-to-solid transitions, our 
approach permits the development of materials capable of sealing a breach within 
seconds, far faster than previously described methods. 
 
 83 
 
2.1 Introduction 
Numerous applications, spanning the biomedical, automotive, and aerospace fields, 
would greatly benefit from the development of polymeric materials that undergo 
spontaneous self-repair when damaged, extending product lifetime or preventing 
catastrophic failure.  To date, mechanisms for the self-repair of materials have largely 
utilized liquid-to-solid transitions, where the action of damage to a material initiates the 
polymerization of an incorporated reactive liquid monomer formulation.1-6  This reactive 
liquid is stored in reservoirs, such as microcapsules or capillaries, embedded in a 
polymeric continuous phase; the containment of the reactive liquid prevents contact with 
a proximate reaction stimulus, such as an initiator, catalyst, or coreactant, that could 
either be stored in separate reservoirs or within the continuous phase itself.  Only upon 
application of a sufficiently high force are the walls of the capsules or capillaries 
disrupted, releasing the reactive liquid within and allowing it to not only flow into the 
damaged region but also encounter its reaction stimulus.  The subsequent polymerization 
reaction converts the liquid into a solid which, owing to the mechanical resilience of the 
generated polymer, repairs and strengthens the damaged region.1-6    While this technique 
has been demonstrated as a means for repairing microcracks, expanding it to other modes 
of healing may be advantageous, especially for materials that will automatically seal a 
breach formed by a high-velocity projectile.  An alternative self-healing approach utilizes 
a solid thermoplastic polymer that, when punctured by a high-velocity projectile, partially 
melts to allow the passage of the projectile while retaining sufficient melt strength to 
permit elastic recovery; subsequent polymer chain interfusion seals the breach.  For 
example, partially neutralized poly(ethylene-co-methacrylic acid) (EMAA), a relatively 
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low modulus ionomer, undergoes puncture-induced healing at room temperature.  
Unfortunately, EMAA fails at temperatures greater than 60°C and its low modulus 
precludes its use in structural applications.7, 8  Conversely, poly(butadiene)-graft-
poly(methyl acrylate-co-acrylonitrile) (PBG), a much stiffer material at room temperature 
and better suited for structural utilization, only displays puncture-healing characteristics 
at elevated temperatures.9 
The puncture of a thin material, millimeters or centimeters thick, by a high-
velocity projectile can be devastating under certain scenarios.  For example, if the 
material functions as a pressurized container wall, such as in a fuel tank, an airplane hull, 
or the walls of a space exploration vehicle,10 any breach causes the interior contents, 
whether fuel or air, to be rapidly ejected.  The consequences are especially severe for 
manned spacecraft as the rapid loss of atmosphere would immediately endanger those 
inside.  Systems that rely upon the mixing of two reactive liquid components, capable of 
slowly filling and repairing a puncture site over several hours, have been developed;11 
however, for situations involving the breach of pressurized container walls, much faster 
healing mechanisms are required.  Here, we describe a new autonomous-healing method 
to achieve extremely fast reaction rates by utilizing an environmentally-borne initiation 
stimulus that is able to rapidly contact with and diffuse into a reactive liquid monomer 
formulation and effect polymerization. 
Among compounds reliably present in human-occupied environments, those 
likely to act as initiation stimuli include water vapor (present as humidity) and other 
atmospheric gases (e.g., nitrogen, oxygen, carbon dioxide, etc.).  Water is a well known 
initiator of several polymerization reactions, most notably the anionic polymerization of 
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alkyl cyanoacrylates utilized in commercial and medical adhesives.12  Unfortunately, 
deficiencies of alkyl cyanoacrylate chemistry include its susceptibility to attack from 
nucleophilic species, severely limiting the choice of materials acting as liquid monomer 
reservoirs, as well as the sensitivity of the polymerization rate on the relative 
environmental humidity, where low humidity environments afford reaction rates that may 
prove too low13, 14 for rapid breach sealing.  Of the other gases reliably present in 
habitable atmospheres, nitrogen and carbon dioxide exhibit very low reactivity.  
Conversely, oxygen is both plentiful and able to participate in radical-yielding redox 
reactions that are suitable for the initiation of radical-mediated polymerizations. 
A notable example of oxygen’s ability to rapidly yield radicals is its reaction with 
alkylboranes such as triethylborane and tributylborane (TBB).  In the presence of oxygen, 
alkylboranes rapidly and exothermically produce, among other products, alkyl and alkoxy 
radicals (see Equation 8),15, 16 species capable of initiating radical-mediated reactions 
including the chain-growth polymerization of (meth)acrylates and other vinyl 
monomers.17, 18 
 R3B            O2         R∙ +RO∙ +other products (8) 
Given the extreme reactivity of alkylboranes to oxygen, even very low oxygen 
concentrations, such as those present as dissolved gas in monomer, are more than 
sufficient to initiate the reaction.  This minimal requirement for oxygen is necessary as 
typical radical-mediated chain-growth polymerization reactions are strongly inhibited by 
oxygen, where the propagating radical reacts with oxygen to yield a sluggishly reacting 
peroxy radical.19  Notably, Chung et al. demonstrated severe polymerization inhibition 
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when alkylboranes were utilized in the presence of high oxygen concentrations;17 
although oxygen was required to generate the initiating species, in excess it prevented 
polymer growth by interfering with the propagation step, suggesting that alkylboranes are 
ill-suited as initiators for conventional, chain-growth radical-mediated polymerizations in 
environments with high oxygen concentrations. 
In contrast to radical-mediated chain-growth reactions, the radical-mediated thiol–
ene addition reaction between thiols and electron-rich carbon-carbon double bonds (e.g., 
allyl ether or vinyl ether functional groups) (Scheme 19) is extraordinarily resistant to 
oxygen inhibition, a consequence of hydrogen abstraction by the peroxy radical from the 
ubiquitous thiol,20 and thus is more appropriate for oxygen-mediated polymerizations.21  
Alkylboranes have previously been used to initiate coupling reactions, likely via the 
radical-generating alkylborane-oxygen reaction, between monofunctional thiol- and both 
vinyl- and alkynyl-bearing compounds;22-25 however, initiation of thiol–ene 
polymerizations by alkylboranes has not been reported.  Given the oxygen tolerance of 
the thiol–ene reaction, this polymerization mechanism is particularly amenable to the 
utilization of oxygen as an environmentally-borne reactant with alkylboranes.  Here, we 
demonstrate the ability of thiol–ene-alkylborane formulations to rapidly polymerize after 
oxygen exposure and the self-healing capability of these formulations when subjected to 
ballistics testing. 
2.2 Experimental 
2.2.1 Materials 
Ethylene glycol dimercaptopropionate (EGDMP) was donated by Evans Chemetics. 
Trimethylolpropane diallyl ether (TMPDAE) and tributylborane (TBB) were purchased 
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from Sigma-Aldrich; TMPDAE and EGDMP were vacuum distilled prior to use and TBB 
was used as received.  N-Nitrosophenylhydroxylamine aluminum salt, a radical inhibitor, 
was purchased from Wako Chemicals and used as received.  The 1 mm poly(butadiene)-
graft-poly(methyl acrylate-co-acrylonitrile) (PBG – Barex 210 IG from Ineos) and 
partially neutralized poly(ethylene-co-methacrylic acid) (EMAA – Surlyn 8940 from 
DuPont) panels were provided by the NASA Langley Research Center. 
2.2.2 Synthesis 
Trimethylolpropane triallyl ether (TMPTAE) was formed, using a method from the 
literature,26 by reacting TMPDAE in toluene solution overnight at 70°C with excess 
sodium hydride and allyl bromide. 
2.2.3 Monomer Degassing 
Prior to all experiments (both real-time FTIR and ballistics), all liquid monomers were 
degassed by at least 12 freeze-pump-thaw cycles: 10-20 mL of monomer, in a glass 
vacuum flask, was frozen in liquid nitrogen; the headspace above the frozen monomer 
was evacuated by applying a vacuum of less than 0.5 torr; and, after sealing the flask, the 
frozen monomer was allowed to melt at room temperature.  These steps were repeated 
until no gas bubbles evolved during the thaw step. 
2.2.4 Dynamic Mechanical Analysis 
Performed using a DMA Q 800 from TA instruments.  Temperature was ramped from -
60°C to 40°C while under tension with a 0.1% strain and frequency of 1 Hz. 
 88 
 
2.2.5 Real-time FTIR Kinetics 
Under oxygen-free conditions achieved in an anaerobic glovebox, rigorously degassed 
TMPDAE and EGDMP in a 1:1 stoichiometric functional group ratio, TBB at varying 
concentrations, and 0.1 wt% inhibitor (N-nitrosophenylhydroxylamine aluminum salt) 
were combined and a 19±2 µm thick layer of the formulated resin (Figure 1) was 
deposited on a glass slide in a sealed sample cell. (Figure 2 and Figure 3) 
 
Figure 1: Measuring monomer formulation thickness.  A standard curve was created 
by measuring the area underneath the thiol peak (2572 cm-1) of the EGDMP-
TMPDAE monomer formulation at various thicknesses.  The thickness was controlled 
by infusing the monomer formulation between two glass slides separated by shims of 
known dimensions.  A plot of area versus thickness gives a regression line of Area = 
Thickness (µm) × 0.1548.  Using the spectra taken from the IR kinetics experiments, 
the average area was 2.71±0.24, corresponding to a thickness of 18.7±1.6 µm. 
Infrared spectra of the formulations were monitored remotely and in transmission using a 
Nicolet 6700 FT-IR spectrometer equipped with a fiber optic coupling accessory via 
chalcogenide optical fiber patch cables (Newport Corporation catalog number 76906) 
fitted with silver reflective collimators (Thorlabs catalog number RC04SMA-P01); these 
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optical fibers and collimators were employed as they permit transmission to ~2200 cm-1.  
The polymerization reaction proceeded only after the introduction of air (~21% O2) or 
other oxygen/nitrogen gas mixtures into the sample chamber via ports on either 
side,(Figure 2 and Figure 3) and the reaction was monitored by observing the 
disappearance of the allyl ether (3100 cm-1) and thiol (2570 cm-1) absorbance peaks,26 
using the methyl peak at 4370 cm-1 as an internal standard.27, 28  Spectra were collected at 
a rate of two per second; whereas averaging was not required for resins formulated with 1 
and 2 wt% TBB, spectra for resins formulated with 0 and 0.5 wt% TBB were averaged 
over four scans. 
 
Figure 2: Model thiol–ene-alkylborane formulations, spread as thin films on glass 
microscope slides, were placed inside a sample cell under anaerobic conditions.  
Chalcogenide fiber optic cables were used to send and receive an IR beam through the 
sample, allowing for the reaction conversion measurement of both thiol and allyl ether 
functional groups.  The polymerization reaction started only after air (~21% oxygen) 
was allowed to flow through the chamber via inlet and outlet ports. 
2.2.6 Assembly of Tri-layered Sample Panels 
Sample panels (75 mm × 75 mm × 3 mm) were assembled by sandwiching a 1 mm thick 
spacer between the edges of two 1 mm thick sheets of PBG and EMAA.  The edges of 
the sandwich structure were then sealed using a two-component epoxy adhesive, leaving 
a small hole for the injection of liquid resins.  In an anaerobic glove box (<10 ppm O2), 
the reactive monomer formulations consisting of comonomers in a 1:1 thiol:ene 
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stoichiometric ratio, TBB, and 0.1 wt% inhibitor, were mixed and injected to fill the gap 
between the two solid panels, after which the small injection hole was sealed using 
additional epoxy adhesive.  The panels were stored at -20°C during transport to the 
testing facility and were allowed to equilibrate for five minutes at ambient conditions 
prior to ballistics testing. 
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Figure 3: Photographs of sealed sample cell utilized in IR kinetics experiments.  Top 
photograph: closed sample cell, sitting within an anaerobic chamber, showing the 
chalcogenide fiber optic cable and reflective light collimators that carry the infrared 
beam to and from the sample cell, as well as the gas lines that deliver the 
oxygen/nitrogen gas mixtures.  Bottom photograph: open cell showing the glass slide 
upon which the thiol–ene monomer formulation is placed. 
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2.2.7 Ballistics 
Test panels were affixed in a sample holder that clamped the panel on all edges.  Bullets 
(0.223″ caliber full metal jacket, 3.57 g) were fired at the panels using a bolt-action rifle 
from 11 meters away.  Phantom 12 high speed video cameras, recording at frame rates of 
85,800 or 100,000 frames/second, were positioned at 45° to the entrance and exit surfaces 
at both the front and back of the sample.  Videography analysis determined the entrance 
and exit bullet velocities to be 1.01±0.01 km·s-1 and 0.97±0.02 km·s-1, respectively.  A 
FLIR ThermaCam SC 600 Thermal IR camera, recording over a temperature range of 30-
155°C at 500 frames per second for 24 seconds, was used to measure the surface 
temperature evolution after bullet penetration.  To estimate temperatures above 155°C, 
Gaussian fitting was performed on four slices of data (horizontal, vertical, and both 
diagonals) through the center of the thermal hot spots and the average was reported. 
2.3 Results and Discussion 
2.3.1 Polymerization Kinetics 
To demonstrate their potential for rapid reaction rates, the kinetics of 
alkylborane/oxygen-initiated thiol–ene polymerizations were examined with model thiol–
ene resins, produced from difunctional thiol and allyl ether monomers (Scheme 22) such 
that the resultant polymers were not cross-linked, using real-time FTIR spectroscopy by 
following the disappearance of the thiol and allyl ether absorbance peaks.26  These model 
resins, mixed at 1:1 thiol:ene stoichiometric ratios, were formulated under anaerobic 
conditions with varying concentrations of TBB, spread as thin films on microscope 
slides, and placed in a gas-tight sample cell (Figure 2 and Figure 3).  As anticipated, 
whereas the TBB-containing formulations were stable under anaerobic conditions (Figure 
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4), polymerizations proceeded in TBB-containing formulations immediately when air 
(i.e., 21% oxygen) was introduced into the sample cell (Figure 5 and Figure 6); reactions 
rates remained rapid even at diminished oxygen concentrations (Figure 7).  In the absence 
of TBB, contact with oxygen did not induce thiol–ene polymerization whereas increasing 
the TBB concentration raised both the polymerization rates and extents, an effect most 
evident at TBB concentrations of 1 wt% and higher.  Thiol–ene polymerizations using 
multifunctional monomers formulated with TBB and contacted with oxygen lead to rapid 
gelation and formation of a polymer network.  Notably, attempts to examine the 
polymerization reactions of cross-linking thiol–ene resins using IR spectroscopy were 
unsuccessful as the reaction itself rapidly yielded a thin, buckled skin that scattered the 
IR beam and resulted in poor signal-to-noise ratios; the utilization of the non-cross-
linking, difunctional monomer system described above prevented the buckled surface 
formation.  As the radical-mediated thiol–ene polymerization proceeds via step-growth, 
the gel point can be readily predicted from the monomer functionality;29 for example, a 3-
2 monomer system (e.g., a trithiol with a diallyl ether) will gel at approximately 71% 
reaction conversion, a 6-2 system at approximately 45% conversion, and a 40-6 system at 
approximately 7% conversion.  Assuming the monomer functionality does not greatly 
influence the pre-gelation polymerization rate, for the reaction conversion trajectories 
reported here, a thiol–ene formulation with 2 wt% TBB would gel in less than 24 
seconds, 8 seconds, or 2 seconds by using monomer functionalities of a 3-2, 6-2, or 40-6, 
respectively.  As evidence that the polymerization mechanism proceeds via the radical-
mediated thiol–ene reaction, the thiol and allyl ether functional groups are consumed at 
nearly the same rate, with the thiol group consumption proceeding slightly faster than that 
 94 
 
of the vinyl groups, potentially attributable to a side reaction between thiyl radicals and 
butylboranes.16 
 
Scheme 22: Allyl ether and thiol monomers utilized in kinetics and ballistics 
experiments. 
 
 
 
Figure 4: Model thiol–ene-TBB resin reaction kinetics under anaerobic conditions.  A 
model thiol–ene resin, formulated with 2 wt% TBB, was monitored with FTIR 
spectroscopy in the absence of oxygen. 
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Figure 5: Reaction kinetics of oxygen-mediated thiol–ene polymerization.  Conversion 
versus time for thiol (left) and allyl ether (right) functional groups in 
EGDMP/TMPDAE resins formulated with TBB at varying concentrations upon 
exposure to air. 
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Figure 6:  FTIR spectra of thiol–ene formulations prior to and after polymerization 
kinetics experiments.  a-d) Spectra, with varying TBB concentrations, prior to oxygen 
exposure and after 10 minutes exposure are shown with blue and red lines, 
respectively.  e) Two spectra of a formulation containing 2% TBB measured 10 
minutes apart while kept under anaerobic conditions. Reactions were monitored by 
observing the disappearance of the allyl ether (3100 cm-1) and thiol (2570 cm-1) 
absorbance peaks, using the methyl absorbance peak at 4370 cm-1 as an internal 
standard. 
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Figure 7:  Reaction kinetics of oxygen-mediated thiol–ene polymerization.  Conversion 
versus time for thiol (left) and allyl ether (right) functional groups in 
EGDMP/TMPDAE resins formulated with 2% TBB when exposed to 1%, 10%, and 
21% oxygen-in-nitrogen gas mixtures. 
 
2.3.2 Ballistics Testing 
Having demonstrated that thiol–ene-TBB formulations rapidly polymerize upon oxygen 
exposure, these formulations were incorporated into tri-layered structures and subjected 
to ballistics testing to simulate micrometeoroid puncture of a spacecraft wall.  The tri-
layered structures were constructed by sandwiching a 1 mm thick reactive liquid 
monomer formulation layer between two 1 mm thick solid support panels (Scheme 23).  
The front, solid support panel was composed of PBG, chosen to ensure the formation of 
an approximately 1 mm diameter entrance hole upon projectile puncture, whereas the rear 
panel was composed of EMAA, a softer material that fully reseals upon ballistics 
puncture; this configuration permitted ready observation of the middle layer 
polymerization upon oxygen contact at the front entrance hole (Scheme 23).  The results 
of firing a projectile from a rifle at the tri-layered panels were recorded with high-speed 
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video (placed in front of and behind the sample), high-speed infrared (IR) thermal 
cameras to record surface temperature, or both. 
 
Scheme 23: Ballistics testing of resin-filled panels.  a) (1) Tri-layered panels, fabricated 
by sandwiching thiol–ene-borane resin formulations between solid polymer panels 
(PBG in front, EMAA at back, see text for panel and sample clamp dimensions) were 
(2) subjected to ballistics testing where penetration by 5.68 mm diameter bullets 
resulted in 1-2 mm diameter entrance holes with no exit holes; (3) as the reactive liquid 
layered flowed into the entrance hole, contact with atmospheric oxygen initiated 
polymerization, (4) converting the liquid into a solid.   
The influence of varying TBB concentration (from 0 to 2 wt%), in a resin 
formulation utilizing EGDMP and trimethylolpropane triallyl ether (TMPTAE, Scheme 
24), on panel response upon puncture by a rifle-fired bullet and subsequent contact with 
atmospheric oxygen were initially examined using high-speed videography (Table 1).  
 
Scheme 24: Additional monomers utilized in ballistics experiments. 
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A comparison of the formulations with and without TBB (Table 1) revealed a striking 
difference in the amount of material ejected from the entrance hole (Figure 8).  For 
formulations omitting TBB, a plume of monomer sprayed from the entrance hole 
approximately 1 ms after penetration for 2.3±0.8 ms.  In contrast, for TBB-containing 
formulations, irrespective of the TBB concentration, bullet penetration yielded little to no 
liquid monomer ejection.30  Whereas TBB-free monomer formulations did not 
polymerize upon oxygen exposure, resulting in ready ejection of the low viscosity liquid 
resin, the rapid, radical-generating oxygen-borane reaction in TBB-containing 
formulations proceeds immediately upon oxygen exposure such that the resultant 
polymerization reactions and concomitant increases in viscosity31 curtail material 
ejection.  Post-ballistic inspection and videography, performed within minutes of ballistic 
penetration, revealed that the formulations lacking TBB remained low viscosity liquids 
that could be readily squeezed out the projectile entrance hole, whereas those formulated 
with TBB ranged from a gel (0.5 wt% TBB) to a solid, entrance hole-filling plug (2 wt% 
TBB) surrounded by an approximately 1 cm diameter region of polymerized material 
(Figure 9).  Moreover, the thermomechanical properties of polymer generated from the 
oxygen-mediated polymerization were found to closely resemble those of a 
conventionally-photopolymerized resin (Figure 10).  
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Table 1: Summary of all the reactive liquid monomer formulations subjected to 
ballistics testing.  Abbreviations: ethylene glycol dimercaptopropionate (EGDMP) and 
trimethylolpropane triallyl ether (TMPTAE). 
Experiment 
number 
Thiol monomer Allyl ether 
monomer 
Tributylborane 
(wt%) 
1 EGDMP TMPTAE 0% 
2 EGDMP TMPTAE 0.5% 
3 EGDMP TMPTAE 1.0% 
4 EGDMP TMPTAE 2.0% 
5 Air gap 
 
 
Figure 8: Still images of panels and resin ejection during testing, taken from high-
speed videography footage 2.5 ms after bullet impact. 
2 wt% TBB0 wt% TBB
Ejecta
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Figure 9: Photographs of a healed panel.  a) Entrance- and b) exit-side photographs of 
a healed puncture site with the rear EMAA layer removed.  c) Vacuum applied to 
entrance-side puncture site of this test panel with the EMAA layer removed.  Note the 
vacuum gauge shows a vacuum of 2.3 x 10-1 Torr, corresponding to a ΔP across the 
polymerized thiol–ene plug of ~0.999 atm. 
a
c
b
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Figure 10: Storage modulus and tan δ  of EGDMP/TMPTAE monomer formulations 
polymerized either by an oxygen-mediated process (i.e., exposing a TBB-containing 
formulation to the atmosphere) or photopolymerization (i.e., irradiating a 
photoinitiator (Irgacure 184)-containing formulation with 365 nm light at 10 mW/cm2 
for one hour). 
Owing to the challenging experimental setup, in situ spectroscopic polymerization 
monitoring during ballistic testing proved infeasible as bullet penetration site variability 
risked damaging any integrated sensor necessary for measurement and potentially leading 
to hazardous bullet ricochet.  Gordon et al. recently reported that the ballistic puncture of 
a PBG panel caused the surface temperature to increase by approximately 235 K,9 
attributable to projectile kinetic energy deposition into the stationary panel, and the 
anticipated thiol–ene polymerization employed here is exothermic.21  Thus, panel surface 
temperatures were monitored remotely during ballistics experiments using high-speed 
thermography, providing a convoluted measurement of the exothermic reaction in TBB-
containing resins that proceeds upon ballistic penetration and oxygen contact.  Tri-
layered panels were constructed with reactive liquid monomer resins formulated with 
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TMPTAE, EGDMP, and from 0 to 2 wt% TBB concentrations (Table 1), as well as 
additional panels with the liquid resin omitted entirely, leaving a 1 mm air-filled gap.  
The temperature range employed to monitor the sample thermal evolution upon bullet 
penetration was 30 to 155°C, an instrument-limited range that allowed observation of 
most of the temperature decay but was insufficient to capture the temperature peak 
immediately upon projectile impact.  Consequently, the peak temperatures were 
established by fitting Gaussian temperature profiles across slices centered at the thermal 
hot spot (Figure 11), such that the thermal evolution could be determined throughout the 
experiment, the duration of which was again instrument limited to 24 seconds.  Using 
these fitted values, for the samples that contained the liquid middle layer, the maximum 
temperature achieved was 262±6°C, an increase of 239±6 K above ambient temperature 
and in good agreement with the previously reported value,9 and was not significantly 
influenced by the TBB concentration in samples incorporating the formulated resins.  
However, despite the consistency of the attained peak temperatures, direct observation of 
the thermal images demonstrates that the temperature decay for samples incorporating 
TBB-containing resins was significantly slower than the initiator-free formulation (Figure 
12).  This variation in temperature decay rates is highlighted in Figure 13 and Table 2, 
where the rate at which the penetration site temperature after bullet impact returns to 
ambient is markedly slower as the TBB concentration is raised.  These results are readily 
explained by considering the oxygen-mediated, thiol–ene exothermic polymerization; 
upon contact with air, the TBB initiator immediately reacts with atmospheric oxygen to 
generate radical species that initiate the thiol–ene polymerization, releasing heat and 
causing the temperature to remain higher for longer when compared with TBB-free and 
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air-gap control panels.  In the absence of TBB, no polymerization reaction, and thus no 
exotherm, occurred upon bullet penetration, confirming that the kinetic energy deposited 
by the bullet in the sample was insufficient to induce polymerization and that the 
presence of both oxygen and TBB are necessary to initiate the reaction.  Interestingly, the 
air-gap samples cooled more slowly than the TBB-free, resin-filled samples; this may be 
attributable to the lower thermal conductivity of air compared with the liquid resin, such 
that the air-filled samples are more thermally insulated than those filled with liquid. 
 
Figure 11: Estimating maximum temperature of hot spot by using Gaussian fitting of thermal 
IR data.  a) As the thermal IR camera exclusively measures over a pre-determined temperature 
range (30 – 155°C, scale = 1 cm), Gaussian data fitting is used to estimate the actual 
maximum temperature across a slice, shown as a green line, centered on the hot spot.  b) The 
measured temperatures are shown as circles and the fitted Gaussian as a line. 
Measured Temperature
Fit Temperature
Position (cm)
30ºC
155ºC
Te
m
pe
ra
tu
re
 (º
C)
a b
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
0
50
100
150
200
250
300
 
 105 
 
 
Figure 12: Thermographic image series for EGDMP-TMPTAE resin-filled test panels 
containing 0 (top) and 2 wt% (bottom) TBB after bullet puncture at t = 0 s (scale = 1 
cm).   
 
Figure 13: Maximum temperature at puncture site versus time for EGDMP-TMPTAE 
resin-filled test panels containing varying TBB concentrations and an unfilled test 
panel.  Temperatures above 155°C, outside the range of the thermal IR camera, were 
estimated by Gaussian fits to the temperature profiles within the camera temperature 
range. 
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Table 2: Time for temperature decay to 75°C and 125°C after ballistics puncture, 
determined using the data reported in Figure 13. 
Experiment 
number 
Tributylborane 
(wt%) 
t125°C (s) t75°C (s) 
1 0% 0.5 3.6 
2 0.5% 3.1 10.8 
3 1.0% 4.1 11.9 
4 2.0% 4.7 13.9 
5 Air gap 1.0 5.9 
 
2.4 Conclusion 
The rapid reaction rates achievable by thiol–ene-alkylborane formulations, as evidenced 
by FTIR spectroscopy, high-speed videography, and thermography, demonstrate the 
potential for an environmentally-borne reaction initiation stimulus to be utilized for self-
healing applications.  Although the model system described here was constructed from 
both structural (PBG) and non-structural (EMAA and the resin itself) components, further 
application-oriented development of this concept would afford load-bearing walls 
capable of autonomous healing after multiple projectile penetration events, preserving the 
atmosphere inside pressurized vessels such as manned spacecraft. 
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Chapter 3      
Pressure Gradient Ballistics Test Method for Evaluating Puncture-
Initiated Healing 
Abstract: In order to develop self-healing materials suitable for micrometeoroid-
puncture mitigation in lunar or Martian environments, ballistic test methods are required 
that simulate vacuum or near-vacuum environments.   Here, a ballistics test method that 
applies a pressure differential between the front and back of a test panel has been 
developed and was demonstrated to be a much more stringent puncture-healing test than 
previously-utilized methods that kept both sides of a test panel at atmospheric pressure.  
This new pressure gradient ballistics test method convincingly demonstrated the reactive 
monomer formulations, based on thiol–ene chemistry, containing both the alkylborane 
initiator and glass fiber performed significantly better than those without either; this is 
especially important as the previously-utilized atmospheric pressure ballistics test did not 
distinguish between reactive formulations that either contained or omitted glass fiber.  
While the thiol–ene/alkylborane/glass fiber formulation performed significantly better 
than those without either the alkylborane initiator or glass fiber, it only partially-sealed 
the puncture-induced hole owing to excessive loss of resin before it became sufficiently 
cross-linked to resist extrusion out toward the vacuum.  Nonetheless, despite the lack of 
complete puncture sealing, the results here are highly encouraging and provide further 
evidence that oxygen-mediated polymerization is a feasible self-healing mechanism.
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3.1 Introduction 
As previously demonstrated (see Chapter 2), reactive liquid formulations made of thiol 
and allyl ether monomers with the initiator tributylborane were shown to exhibit 
extraordinarily fast reaction rates immediately on exposure to atmospheric oxygen, 
forming solid polymer within seconds.  While these results are encouraging and represent 
an important step in developing multilayered structures capable of autonomously-healing 
high velocity projectile-induced punctures, a tremendous amount of work remains before 
such a material could be incorporated with the walls of a space exploration habitat, 
spacecraft, or spacesuit.  The requirements for a self-healing structure capable of being 
incorporated into the walls of a habitat are extraordinarily demanding as they must 
properly function when punctured under incredibly broad range of projectile types, sizes, 
velocities, or impact angles.  (In addition to other requirements like long-term stability.)  
The composition of these reactive liquids will likely need to be far more sophisticated 
than the thiol/allyl ether/alkylborane formulations previously utilized and may need to 
contain fillers to both modify the properties of either the liquid and the resulting polymer.  
Furthermore, any material proposed as a viable self healing-structure must be subjected 
to thorough and intense testing that mimics as closely as possible the conditions present 
in space travel.  Indeed, while ballistics testing has been commonly used to evaluate self-
healing capabilities in response to sudden puncture, all of the testing on polymeric 
materials has been performed at atmospheric pressure with no gradient across the test 
panel.    
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Most of the ballistics testing on self-healing materials has investigated the healing 
properties of EMAA. The earliest work on EMAA as a self-healing materials appears in a 
Master’s Thesis by Fall utilized a handgun to fire 9 mm bullets, with a velocity of  360 
m/s, at test panels at ambient pressure and temperature.1  Later work by Kalista followed 
a similar procedure with projectile fired from a pellet gun at 200 m/s.2, 3  By using ovens 
or refrigeration units, Kalista able to evaluate healing at temperatures ranging from -30°C 
to 90 °C.  While the test samples are subjected to a pressure differential after ballistics 
impact, to demonstrate that the material has completely sealed, the ballistics test 
themselves are performed with the test panel at ambient pressure.  Nearly all of the 
ballistics testing on EMAA has utilized similar protocols: while the bullet type/shape and 
the velocity was varied, all have been performed at ambient pressure and most used 
ambient temperature. (see Table 3 for a summary). 
Table 3: Summary of literature describing ballistics test methods for self-healing 
materials. 
Year and 
Author 
Velocity Projectile Temperature Material 
Tested 
2001 Fall1 370 m/s RT Ambient EMAA 
2007 Kalista2 200 m/s 4.5 mm pellet -30,-10,10, RT, 60, 70, 80, 90 C EMAA 
2008 Varley4 340 m/s or 790 m/s 
5 or 9 mm round nose; 
7.62 mm pointed RT EMAA 
2011 Siochi5 1000 m/s 5.56 mm pointed bullet 15 and 50 C EMAA,PBG 
2011 Penco 
and di 
Landro6 
370 m/s or 
700 m/s 4.65 mm bullets 
RT EMAA + epoxidized 
rubber 
2012 Penco 
and di 
Landro7 
700 m/s 4.65 mm bullets RT 
EMAA + 
epoxidized 
rubber 
2012 Haase8 
420, 630, 
690, or 
6000 m/s 
3 or 5 mm steel sphere RT EMAA 
2013 
Sundaresan9 220 m/s 4.5 mm pellet RT EMAA 
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As should be obvious from Table 3, and also pointed out by Brandon and 
Coworkers,10 most self-healing has been performed under ambient temperature and 
pressure – that is, “terrestrial conditions”.  While performing ballistics experiments at 
these conditions is convenient, it is not representative of lunar or Martian conditions. For 
example, the velocity of micrometeoroids is far greater than those listed in Table 3 with 
the exception of work by Haase and coworkers,8 all ballistics experiments used velocities 
of less than 1000 m/s.  The work by Hasse, using a two-stage gun, did perform ballistic 
experiments on EMAA panels at approximately 6000 m/s, significantly higher than all 
other reports, though still less than micrometeoroid velocity (approximately 30,000 to 
70,000 m/s).11  Haase found that EMAA, which exhibits startlingly good self-healing 
behavior at lower velocities, completely fails to heal at 6000 m/s, casting doubt on its 
suitability as a lone self-healing mechanism.  Such results clearly demonstrate the 
importance of utilizing test methods that mimic the actual conditions encountered in 
space exploration. Of course, it is easy to comprehend why such unrealistic test methods 
have been so commonly utilized; the lower velocities are commonly utilized as access to 
pellet guns or even rifles is far easier than access to sophisticated, and expensive, 
ballistics facilities.  While the ballistic testing procedure, utilized to stimulate MMOD 
puncture, described in the previous chapter was of great utility in demonstrating the rapid 
reaction times of the reactive formulations, the conditions used in this test do not 
represent those that would be experienced during a lunar or Martian mission.  The most 
serious limitation was the lack of a pressure differential between the front and back side 
of the test panel; everything was run under atmospheric pressure.  Obviously, such 
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conditions are not representative of surface conditions on the moon, which is essentially a 
vacuum, or Mars, which has an average atmospheric pressure of 0.006 atm (e.g., 0.6% of 
earth’s). Pressure differential would be a major concern for any system that relies on a 
reactive liquid as there is an obvious concern that the liquid could spray out before it has 
an opportunity to polymerize. 
Therefore, in order better simulate lunar or Martian conditions, high-velocity 
projectile ballistics testing was performed with a pressure differential between the front 
and back side of the panel; this method is compared with the one used previously, where 
there is no pressure gradient.  Moreover, to investigate the influence of fillers on healing 
properties, glass fiber mat will be used a model filler and the self-healing behavior of 
both filled and non-filled formulations will be evaluated.  It was hoped that the addition 
of the glass fiber would function as a scaffold and would assist in preventing the liquid 
monomer formulation from rapid ejection after ballistics puncture. 
3.2 Experimental 
3.2.1 Materials 
Ethylene glycol dimercaptopropionate (EGDMP) was donated by Evans Chemetics and 
was distilled prior to use.  Tributylborane (TBB) was purchased from Sigma-Aldrich was 
used as received. Trimethylolpropane triallyl ether (TMPTAE) was synthesized using the 
method describe in chapter 2.  EGDMP and TMPTAE were thoroughly degassed prior to 
use by a freeze-pump-that process.12 N-Nitrosophenylhydroxylamine aluminum salt, a 
radical inhibitor, was purchased from Wako Chemicals and used as received.  Glass fiber 
mat, 0.25 mm thick with a mass of 3.7 grams/ft2 (product 260-H), was purchased from 
Fibre Glast.  The 1 mm poly(butadiene)-graft-poly(methyl acrylate-co-acrylonitrile) 
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(PBG – Barex 210 IG from Ineos) and partially neutralized poly(ethylene co- methacrylic 
acid) (EMAA – Surlyn 8940 from DuPont) panels were provided by the NASA Langley 
Research Center. 
3.2.2 Assembly of Tri-layered Sample Panels 
Utilized a method similar to the one described previously,12 sample panels were 
assembled by sandwiching a 1 mm thick silicone rubber shim between the edges of a 1 
mm thick sheets of PBG and EMAA.  The cavity of the sample panel was either kept 
empty or filled with three sheets, totaling 0.75 mm, or glass fiber mat(see Scheme 25).  
The edges of this structure were sealed with a two-component epoxy adhesive, leaving a 
small hole for the injection of the reactive liquid resins.  In an anaerobic chamber (less 
than 10 ppm O2), the reactive monomer formulations, consisting of EGDMP and 
TMPTAE in a 1:1 thiol:ene stoichiometric ratio, 2 wt% tributylborane, and 0.1 wt% 
inhibitor, were injected to fill the empty space in the middle of the sample panels, after 
which the injection hole was sealed with additional epoxy adhesive. 
 
Scheme 25: Construction of tri-layered panels.  Monomer formulations were 
sandwiched between two solid polymer support panels. 
Front Panel- PBG
Back Panel - EMAA
Monomer Formulation
Front Panel- PBG
Back Panel - EMAA
Monomer Formulation w/ Glass Filler 
a
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3.2.3 Ballistics Testing 
Ballistics testing was performed in a ballistics testing facility located at the NASA Glenn 
Research Center.   The tri-layered test panels were placed in a pressurizable aluminum 
sample holder where the panels form part of the front face of the pressure vessel; the 
PBG panel is the side that is facing outward, making it the side the will be initially 
puncture by the projectile.  Once the sample is in place, the pressure vessel is sealed and 
the pressure, controllable by an attached air hose, was kept at 1 atm with the gas 
composition inside equivalent to air (e.g., 79% nitrogen and 21% oxygen).  This 
pressurized sample holder sits within a much larger vacuum chamber that is connected to 
a 20 foot long steel pipe with a 2 inch inside diameter – this pipe serves as a very long 
gun barrel.  The other end of this pipe can be connected to a metal pressure vessel that 
can hold very high pressure (approximately 26 atm).  A polyester gasket is used to allow 
pressure to build in the vessel; this gasket has a wire attached to it that, after running 
current through it, will break and permit the projectile to be launched.  All projectiles 
utilized in this series of experiments were 1/8 inch diameter ball bearings.  As this 
diameter is significantly less than the inside diameter of the gun barrel, the projectile 
must be carried by a sabot.   Here, polycarbonate sabots machined to a shaped designed 
by the Glenn Research Center were utilized – other sabot designs, notably those 3D 
printed from ABS plastic, would break apart during the shooting process.  The sabot, 
with the ball-bearing placed within a small cavity on the front and held in place my a 
minimal amount of vacuum grease, is set inside the gun barrel immediately in front of the 
polyester gasket.  Once the sabot-carrying projectile is placed in the gun barrel and the 
tri-layered sample is placed within the pressurized box, the entire system is sealed and the 
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pressure in the vacuum chamber is reduced to approximately 0.02 atm.  Then, the 
pressure vessel used to launch the projectile is pressurized with nitrogen gas to a final 
pressure of 25.8 atm – this pressure greatly influences the projectile velocity.  Once the 
desired pressure is attained, the polyester gasket is broken and the sabot and projectile are 
launched.  To prevent the sabot from reaching the target, a sabot stopper, placed inside 
the vacuum chamber, redirects the sabot fragments away from the target; a small hole in 
the center of the stopper permits the projectile to fly through toward the target.  As the 
release of pressure is the mechanism by which the projectile is launched, the pressure 
inside the vacuum chamber increases to approximately 0.1 atm after the projectile is 
fired.  While this differential across the sample is far less than what a Martian habitat 
would experience, it is a significant change from the purely atmospheric conditions that 
were utilized in the previous chapter.   
The projectile and sample are monitored with two high-speed video cameras, each 
capturing images at a rate of 200,000 per second.  Once camera views the front of the test 
panel and is utilized to evaluate the self-healing behavior after impact, while another 
camera is placed perpendicular to the projectile flight path and is utilized to calculate 
projectile speed, here found to be approximately 900 m/s.   
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Figure 14: Ballistics test facilicity at the Glenn Research Center in Cleveland, OH. A) 
Outside view of pressure vessel, gun barrel, and vacumm chamber. Close-up view of 
the B) pressure vessel and B) gun barrel.  D) The steel ball bearings are launched 
using a sabot.  Shown are one made of 3D-printed acrylonitrile-butidiene-styrene 
(ABS) plastic (left) and machined polycarbonate (right) 
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Figure 15: Outside view of the vacuum chamber utilized at the Glenn Research Center 
ballistics facility. A) Outside view of chamber showing the front side video camera.  B) 
Alternative view of vacuum chamber showing both the front video camera, used to view 
projectile imopact, and the side camera used to calcualte projectile velocity. 
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Figure 16: Inside view of the vacuum chamber utilized at the Glenn Research Center 
ballistics facility. A) The pressurized sample holder holder is fitted with the larger 
vacuum chamber, allowing for the sample panel to experience a pressure gradient. B) 
A “sabot stopper” is neccesary to redirect the plastic sabot away from the test panel 
while allowing the ball bearing projectile to reach its target. C) Close-up of test panel. 
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Scheme 26: Illustration of ballistics gun shown in Figure 14, Figure 15, and Figure 
16.  A) Ballistics gun prior to firing projectile. B) Projectile approaching target. C) 
After penetration, air rushes from inside the pressure vessel out toward the vacuum 
chamber. 
3.2.4 Vacuum Test 
To demonstrate the ability of the reactive liquid monomer formulations to mitigate loss of 
atmosphere after projectile puncture, a vacuum test (using an enhanced Pirani Pressure 
Gauge from Kurt J. Lesker Company) was performed.  The test panels were allowed to 
sit undisturbed in the presence of air for over a month, allowing all reactive monomer 
formulations to polymerize. Then, for each tri-layered panel tested, the back-side (i.e., 
EMAA) panel was carefully removed, leaving the now solidified resin formulation 
attached to the front-side (i.e., PBG) panel.  A vacuum was applied to the puncture site, 
Sabot Stopper
Pressure Gate Tri-layered Panel
Vacuum Chamber (< 0.1 atm)
Pressure
Vessel
(1 atm)
Sabot
Projectile (1/8 “ Ball Bearing)
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b c
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via a rubber hose, on the PBG panel and the vacuum attained was recorded.  Then, the 
solidified resin formulation was carefully removed, with particular care taken when 
removing the solid resin from the puncture site; the vacuum hose was then reapplied to 
the puncture site and the vacuum attained was measured again. 
3.3 Results and Discussion 
In the previous chapter, the self-healing capabilities of several tributylborane containing 
formulations were evaluated via ballistics testing. While the methods employed proved 
invaluable at differentiating between non-healing and self-healing characteristics, it 
proved less useful at distinguishing between different self-healing formulations.  For 
example, while all of the monomer formulations with TBB exhibit healing properties, it 
was difficult to asses how these formulations compared to each other as there was no 
clear difference in the high-speed video footage, thus making it difficult to evaluate how, 
say, changing the monomer functionality would have helped or hindered a formulations 
healing capability.  This seems to be an inherent limitation of ballistics tests performed at 
atmospheric pressure.  To further illustrate this limitation, using the same atmospheric 
pressure ballistics method, the self-healing properties of EGDMP/TMPTAE thiol-ene 
monomer formulations, with and without 2% TBB and containing glass fiber mat, were 
compared with the unfilled (i.e., no glass fiber mat) formulations, discussed in the 
previous chapter.  The monomer formulation with glass fiber and no TBB displayed 
ejecta after ballistics penetration in a manner nearly identical to what was observed in the 
monomer formulation that contained neither TBB nor glass mat.  This was entirely 
expected as the lack of TBB, or any other initiator, precludes any chance of the liquid 
monomer formulation from polymerizing; the presence of the glass fiber mat here doesn’t 
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change this.  On the other hand, the formulation with both 2% TBB and glass fiber mat 
did not display any ejecta after ballistics penetration, exactly as the 2% TBB without 
glass fiber performed;(Figure 17) thus, under atmospheric conditions, the 2% TBB 
monomer formulations with or without glass fiber will rapidly seal a high-velocity 
projectile-induced puncture at atmospheric conditions.  Herein lies the problem: the 
addition of glass fiber mat has no apparent influence on the properties of the monomer 
formulation, something that seems counterintuitive and difficult to accept.  Thus, a more 
stringent test method is needed to better differentiate between different formulations.  
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Figure 17: Still photos taken from high-speed videos during ballistics testing at 
atmospheric pressure.  Formulations included, from left to right, monomer only, 
monomer + glass fiber, monomer + 2% TBB, monomer + 2% TBB + glass fiber.  Red 
arrows assist in identifying liquid ejecta. 
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As noted above, the primary disadvantage of the ballistics test method is that both 
sides of the panel are under atmospheric pressure, conditions that do not model those 
found on the moon or Mars.  In an effort to devise a ballistics test method that better 
matches lunar or Martian conditions, with the hope that it better discerns between 
different self-healing formulations, a pressurized sample holder was constructed; by 
placing this pressurized box, with the test panel forming part of the front face, within a 
larger vacuum chamber, the test panel experiences a pressure differential between the 
front and back faces.  While the pressure differential here is not as high as it would on the 
moon or Mars, it is significantly greater that what has been attempted previously.  Thus, 
when the test panel is punctured by a high velocity projectile, there will be a sudden rush 
of air from inside the pressured box out into the vacuum chamber.   
Utilizing this new ballistics test method, thiol–ene monomer formulations with 
and without 2% TBB were evaluated.  For the formulation without TBB, a plume of 
liquid was forcefully ejected through the entrance hole less than a millisecond after 
projectile impact (see Table 4);(see Figure 18) owing to the pressure differential between 
the front and back face, the effect here is much more dramatic that what was observed 
under strictly atmospheric conditions (Figure 17).  Whereas before, when the ejecta 
plume was visible for only approximately 2 ms with both sides of the test panel at 
atmospheric pressure, under a pressure gradient, ejecta is observed for at least 20 ms; a 
result that is entirely expected as no polymerization will proceed in the absence of the 
TBB initiator, causing the monomer formulation to remain a low viscosity liquid that is 
unable to resist being violently ejected out toward the vacuum.  In comparing the results 
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between the pressure gradient test versus the one at atmospheric pressure, the overall 
impression is that performing the pressure gradient ballistics test is much harsher than the 
one performed at the atmospheric pressure. This impression was further strengthened in 
examining the results for the test panel with 2% TBB added to the thiol–ene monomer 
formulation.  When this test panel was punctured, a plume of liquid was observed less 
than one millisecond afterwards – results indistinguishable from those observed with the 
formulations that lacked TBB.  Given the success of this formulation under atmospheric 
pressure,12 this result was shocking and certainly offers further evidence that the pressure 
gradient ballistics test is very harsh.  Unfortunately, the failure of this formulation under 
conditions that are nowhere as severe as those on the moon or Mars calls into serious 
question the viability of using a reaction liquid monomer formulation to seal a puncture-
induced hole.  After all, the formulation contained TBB and was certainly capable of 
solidifying rapidly after oxygen exposure (indeed, post-ballistics inspection of the sample 
showed that it had eventually polymerized); it simply did not solidify fast enough to seal 
the breach and behaved, during the first 20 ms, as if the TBB was not present.  Clearly, in 
order for a reactive liquid monomer formulation to be of utility in a puncture-healing 
application, the reactive formulation must be retained near the puncture site until it has a 
chance to polymerize.  Returning to the idea, discussed above, of incorporating glass 
fiber a filler in the formulation, it was hoped that the glass fiber would aid in retaining the 
reactive monomer formulation in the vicinity of the puncture site, providing a scaffold 
that the resin could cling to and giving it opportunity to polymerize.  To evaluate the 
influence of glass fiber on the sealing properties of thiol–ene monomer formulations, test 
panels, with and without 2% TBB ,were evaluated utilizing the pressure differential 
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ballistics test.  In the absence of TBB, the monomer formulation was rapidly ejected out 
toward the vacuum less than one millisecond after impact (see Table 4 and Figure 18) in 
a manner nearly indistinguishable from those without glass fiber; this was entirely 
expected as the lack of an initiator dictates that lack of any means for the monomer 
formulation to solidify.  Far more interesting was the result when the monomer 
formulation contained both glass fiber and 2% TBB.  For this formulation, there was no 
sign of ejecta until 6.68 ms after puncture, nearly an order of magnitude longer than all of 
the other samples evaluated with the pressure gradient ballistics test. (see Table 4 and 
Figure 18) This suppression of rapid monomer ejection, apparently effected by the glass 
fiber acting as a scaffold, appears to provide sufficient time for the monomer formulation 
to at least partially polymerize before it succumbs to the pressure differential and starts to 
be ejected outward.  The ejecta for this formulation looks as if it is slowly being extruded 
through the entrance hole and is quite different in appearance than the others where the 
monomer formulation was violently sprayed outward; this difference in appearance 
provides further evidence that substantial polymerization takes place within 7 ms after 
ballistic penetration and subsequent oxygen exposure.  While an ideal sample would 
show no ejecta, this formulation is obviously a vast improvement over all of the others 
evaluated with the pressure gradient ballistics test method; evidently, including both TBB 
and the glass fiber mat in the monomer formulation lead to a material with significantly-
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improved puncture-healing properties. 
 
Figure 18: Still photos taken from high-speed videos during ballistics under a pressure 
gradient.  Formulations included, from left to right, monomer only, monomer + glass 
fiber, monomer + 2% TBB, monomer + 2% TBB + glass fiber.   
2% TBB with 
glass fiber matMonomer only Glass fiber 2% TBB
0 ms
2.5 ms
5.0 ms
7.5 ms
10.0 ms
12.5 ms
15.0 ms
17.5 ms
20.0 ms
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Table 4: Elapsed time after projectile impact for liquid ejecta to be visible. 
 No tributylborane 2% tributylborane 
No glass fiber 0.54 ms 0.78 ms 
Contains glass fiber 0.76 ms 6.68 ms 
To ascertain whether the thiol–ene/TBB/glass fiber resin sealed the puncture-
induced hole, a post-ballistics vacuum test was performed.  The panel was left to sit for 
over a month to allow the reactive monomer formulation to fully polymerize and, upon 
complete solidification of the resin, the back EMAA panel was removed. (see Figure 19 a 
and b for photos)  After applying the vacuum hose to the puncture site (see Figure 20), 
the vacuum gauge read 4.0 torr, a value far greater than the 0.23 torr observed previously 
for a completely sealed sample,12 confirming that the thiol–ene/TBB/glass fiber resin did 
not completely seal the puncture-induced entrance hole.  Yet, despite the disappointment, 
this demonstration clearly shows the entrance hole was partially sealed; when the thiol–
ene/TBB/glass fiber resin was carefully removed from the sample, clearly revealing a 2 
mm entrance hole (see Figure 19c for photo), and the vacuum test applied to the sample, 
the vacuum gauge measured 270 torr, significantly greater than when the thiol–
ene/TBB/glass fiber resin was present.   
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Figure 19: Post-ballistics photographs of test panel made from monomers, 2% TBB, 
and glassfiber mat. A) Front view.  B) Rear view with back (EMAA) panel removed.  C) 
Front view with cured resin removed from puncture site. 
In order to gain additional insight into how the thiol–ene/TBB/glass fiber 
formulation behaves during ballistic puncture, photos were taken of the test panel.  The 
front and rear photos (taken with the back EMAA panel removed) clearly show solid 
resin at the puncture site, something made even more obvious when these photos are 
compared with one where the thiol–ene/TBB/glass fiber resin was removed, allowing the 
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entrance hole, measuring 2 mm in diameter, to be easily observed.  The photos 
convincingly demonstrate that it is the retention of a substantial quantity of solid 
polymer, with the glass fiber acting as a scaffold, that lead to the partially filling of the 
entrance hole.  Conversely, these photos also show substantial quantities of air gaps 
present throughout the glass mat, particularly in the region centered on the puncture site, 
clarifying why the entrance hole did not completely seal.  As shown in the images from 
the high speed video (Figure 18), a significant amount of material was extruded out 
through the entrance hole; while considerably less material was lost than in the other 
samples (i.e., those the lacked TBB or glass fiber), the amount absent was enough to 
permit for holes to form and prevent complete sealing of the puncture.   
 
 
Figure 20: Vacuum applied to entrance-side puncture site of this test panel with the 
EMAA layer removed.  A) With the polymerized resin and glass fiber in place.  B) after 
removal of the polymerized resin and glass fiber. 
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3.4 Conclusion  
A ballistics test method, utilizing projectiles with a velocity of 900 m/s, that applies a 
pressure differential between the front and back of a test panel has been demonstrated to 
be a much more stringent puncture-healing test than when both side are under 
atmospheric pressure.  This new pressure gradient ballistics test method convincingly 
demonstrated the reactive monomer formulations containing both the TBB initiator and 
glass fiber performed significantly better than those without either; this is especially 
important as the previously-utilized atmospheric pressure ballistics test did not 
distinguish between reactive formulations (i.e., those with 2% TBB) that either contained 
or omitted glass fiber.  While the thiol–ene/TBB/glass fiber formulation performed 
significantly better than those without either TBB or glass fiber, it only partially-sealed 
the puncture-induced hole owing to excessive loss of resin before it became sufficiently 
cross-linked to resist extrusion out toward the vacuum.  Nonetheless, despite the lack of 
complete puncture sealing, the results here are highly encouraging and they suggest that, 
with further refinements to the reactive liquid monomer formulations, it is feasible to use 
oxygen-mediated polymerization as a self-healing mechanism. 
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Chapter 4      
Oxygen-Mediated Enzymatic Polymerization of Thiol–Ene Hydrogels 
Abstract: Materials that solidify in response to an initiation stimulus are currently 
utilized in several biomedical and surgical applications; however, their clinical adoption 
would be more widespread with improved physical properties and biocompatibility.  One 
chemistry that is particularly promising is based on the thiol–ene addition reaction, a 
radical-mediated step-growth polymerization that is resistant to oxygen inhibition and 
thus is an excellent candidate for materials that polymerize upon exposure to aerobic 
conditions.  Here, thiol–ene-based hydrogels are polymerized by exposing aqueous 
solutions of multi-functional thiol and allyl ether PEG monomers, in combination with 
enzymatic radical initiating systems, to air.  An initiating system based on glucose 
oxidase, glucose, and Fe2+ is initially investigated where, in the presence of glucose, the 
glucose oxidase reduces oxygen to hydrogen peroxide which is then further reduced by 
Fe2+ to yield hydroxyl radicals capable of initiating thiol–ene polymerization.  While this 
system is shown to effectively initiate polymerization after exposure to oxygen, the 
polymerization rate does not monotonically increase with raised Fe2+ concentration 
owing to inhibitory reactions that retard polymerization at higher Fe2+ concentrations.  
Conversely, replacing the Fe2+ with horseradish peroxidase affords an initiating system is 
that is not subject to the iron-mediated inhibitory reactions and enables increased 
polymerization rates to be attained. 
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4.1 Introduction 
Materials that are polymerizable in situ, such as composite dental restoratives,1, 2 suture-
less wound closures,3, 4 and hemostatic sealants,5-7 are currently used in a wide range of 
medical procedures.  However, although several materials and approaches for tissue 
adhesives and sealants have emerged, substantial research attention is still required to 
fulfill the potential of polymeric materials that can be applied to a wound site in liquid 
form and solidify in situ, alleviating the need for sutures or bandages.  The development 
of new biocompatible materials that polymerize rapidly upon application, demonstrate 
excellent adhesion to tissue, and are readily tailored to suit the requirements dictated by 
the wound site, is essential to fully realize this potential. 
Many of the currently available systems are packaged as two liquid formulations 
that solidify via an in situ polymer network forming reaction upon combination.  For 
example, the albumin/glutaraldehyde system, where glutaraldehyde serves as a 
difunctional cross-linker that reacts with the amine functionalities present in both 
albumin and the substrate tissue, has been successfully used to the seal tears in blood 
vessels.5, 8  However, glutaraldehyde poses a host of safety concerns, including the 
potential for inducing nerve injury, mutagenicity, and tissue necrosis.5 
Fibrinogen/thrombin preparations similarly react in situ, mimicking the final stages of the 
blood clot-forming coagulation cascade,9 to yield a cross-linked fibrin network.  These 
fibrin-based materials are typically considered safer than albumin/glutaraldehyde 
formulations;5 however, the resultant proteinaceous polymer network exhibits limited 
mechanical robustness, failing under moderate pressures.5, 10, 11 Moreover, as both the 
albumin/glutaraldehyde and fibrinogen/thrombin systems are derived from animalian 
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sources, there exists a perceived risk of viral infection or allergic reaction to the patient.5, 
7  This potential risk is readily eliminated by utilizing formulations comprised of wholly 
synthetic materials such as poly(ethylene glycol) (PEG)-based hydrogels. Several 
reaction mechanisms have been employed to effect the cross-linking and gelation of 
aqueous telechelic PEG solutions including succinimide/amine additions5 and catechol 
cross-linking upon addition of sodium periodate, a strong oxidant.12  The primary 
deficiency of these binary-formulation systems is that they require mixing, typically 
performed within the delivery device itself, to induce polymerization;5 consequently, 
inadequate mixing or improper mixing ratios prevents complete polymer network 
development, yielding incompletely polymerized regions throughout the material and 
adversely affecting its mechanical robustness and adhesion to the substrate tissue. 
An alternative to systems that require mixing immediately prior to application are 
those that are packaged as a single formulation and that rely upon some external stimulus, 
such as light, elevated temperature, or exposure to an environmentally-borne chemical 
reactant, to initiate polymerization.  For example, (meth)acrylate monomers formulated 
with a photoinitiator will readily polymerize, via a chain-growth mechanism, upon 
exposure to light.13 While the use of light permits fine spatial and temporal reaction 
control, the necessary availability of an intense light source is undesirable for many 
medical procedures.  Conversely, cyanoacrylate adhesives require no preparation or 
additional equipment to effect polymerization; rather, they polymerize immediately upon 
exposure to atmospheric water or weak nucleophiles such as hydroxyl and amine 
functional groups on skin, yielding a solid polymer.4, 5  Owing to their rapid reaction 
kinetics, capacity for environmentally-triggered cure, and the high strength and excellent 
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tissue adhesion typically exhibited by the generated polymers,4 cyanoacrylates have 
found widespread use as suture replacements for incision closure.  Additionally, the 
application of cyanoacrylates to incision sites is far simpler and faster than suture 
placement, and subsequent clinician visits for suture removal is obviated by the 
hydrolytic degradability of poly(cyanoacrylates).  Nevertheless, serious cytotoxicity 
concerns persist over the hydrolytic degradation products of these materials (e.g., 
formaldehyde),4, 14, 15 limiting their clinical utilization exclusively to external 
applications.  Furthermore, measures necessary to reduce chronic exposure to toxic 
cyanoacrylate vapor experienced by health professionals are burdensome.16  Finally, 
cyanoacrylate resins are not amenable to chemical modification owing to the reactivity of 
the cyanoacrylate functional group; this lack of extensibility severely curtails the 
attainable property range which, as poly(cyanoacrylates) tend to be relatively brittle,17 
hinders their broader adoption.  
Despite their limitations, cyanoacrylates illustrate the tremendous utility of 
employing an environmentally-borne initiation stimulus, rather than light or the co-
reaction upon combination of two precursor formulations, to effect polymerization.  
Although water is a common stimulus to induce the polymerization of cyanoacrylates and 
other materials,18, 19 oxygen poses as a convenient environmentally-borne polymerization 
initiation stimulus for radical-mediated polymerizations as it is both ubiquitous, being 
present at 21% of Earth’s atmosphere, and highly reactive, being able to participate in 
redox reactions and generate free radicals.  For example, oxygen has been used as a 
reactant in enzyme-mediated monosaccharide oxidations to ultimately yield radicals and 
initiate (meth)acrylate polymerizations of aqueous monomeric formulations.20, 21  Thus, 
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the aqueous meth(acrylate) formulations were stable in the absence of oxygen but, upon 
exposure to air, reacted to generate polymeric materials and, for cross-linking systems, 
hydrogels.  A limitation of this approach is the typically inhibitory influence oxygen has 
on radical-mediated chain-growth polymerizations, leading to incomplete cure and a high 
concentration of unreacted, leachable monomers.  These enzyme-mediated 
polymerizations could thus be improved through the use of mechanisms that are resistant 
to oxygen inhibition such as the radical-mediated thiol–ene addition.22 
Thiol–ene polymerizations proceed via alternating propagation and chain transfer 
events between thiols and electron-rich carbon-carbon double bonds (e.g., allyl ether or 
vinyl ether) (Scheme 19), leading to step-growth evolution of the molecular weight.22 
Unlike radical-mediated meth(acrylate) chain-growth polymerizations, the thiol–ene 
reaction mechanism is extraordinarily resistant to oxygen-inhibition,22 owing to the facile 
abstractability of the thiol hydrogen, and thus is well-suited as the polymerization 
mechanism for an oxygen-mediated hydrogel formation.  Furthermore, many thiol- and 
ene-functionalized monomers exist, offering versatility and fine control over the physical 
properties of the resultant polymer and potential degradation products.  Additionally, the 
thiol–ene mechanism is tolerant to the presence of a wide range of functional groups that 
may be present on cell-binding epitopes or growth factors incorporated in the 
formulation.  Here, we examine aqueous thiol–ene solutions formulated with 
oxidoreductase-based enzymatic radical initiation systems that remain stable under 
anaerobic conditions but polymerize rapidly upon exposure to atmospheric oxygen, 
combining the desirable features of thiol–ene chemistry with the convenience of an 
environmentally-borne initiation stimulus. 
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4.2 Experimental 
4.2.1 Materials and Synthesis 
D-Glucose (Fisher Scientific), iron(II) sulfate heptahydrate (Sigma-Aldrich), glucose 
oxidase from Aspergillus niger (GOx, 147.9 U/mg, Sigma-Aldrich), horseradish 
peroxidase (HRP, Type VI, 261 purpurogallin U/mg, Sigma-Aldrich), and acetylacetone 
(AA, Sigma-Aldrich) were used as received.  Cupferron (N-nitroso-N-
phenylhydroxylamine ammonium salt), used as a radical inhibitor to prevent premature 
polymerization, was obtained from Wako Chemicals.  2-(N-Morpholino)ethanesulfonic 
acid (MES) aqueous buffer (0.1 M MES, pH 4.5) was obtained from Teknova. 
A model thiol–ene formulation, comprised of PEG-based trithiol and diallyl ether 
monomers, was used for all experiments.  Ethoxylated trimethylolpropane tri(3-
mercaptopropionate (ETTMP 1300, molecular weight (MW) ~1300 g/mol) was donated 
by Evans Chemetics and used without further purification.  Poly(ethylene glycol) diallyl 
ether (PEGDAE) was synthesized using a modified method from the literature.23 Briefly, 
dihydroxylated PEG (MW ~600 g/mol) was dissolved in toluene (~18 g PEG in 400 mL 
toluene) under nitrogen and excess sodium hydride was added slowly.  After the gas 
evolution ceased, a large excess of allyl bromide was added slowly and the reaction 
mixture was stirred and heated to 70°C.  After 24 hours, the mixture was filtered and the 
toluene and residual allyl bromide were removed under vacuum from the filtrate.  Proton 
nuclear magnetic resonance (NMR) spectroscopy (Varian MR400, 400 MHz), with 
DMSO-d6 as solvent, was used to confirm the complete substitution of hydroxyl groups, 
characterized by the absence of a peak at 4.56 ppm.24  The resulting product was a 
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slightly yellow liquid at room temperature.  The monomers and buffer were subjected to 
at least six freeze-pump-thaw cycles to ensure rigorous deoxygenation prior to use. 
4.2.2 Polymerization Kinetics 
Under anaerobic conditions, the thiol- and ene-functionalized PEG monomers, in a 1:1 
thiol:ene stoichiometric ratio, were dissolved in MES buffer to afford a final combined 
monomer concentration of 35 wt% (15.4 wt% PEGDAE, 19.6 wt% ETTMP) and 
stabilized by the addition of cupferron (3.2 mM) (Figure 21), to which stock solutions of 
the other formulation components (e.g., glucose, GOx, iron(II) sulfate heptahydrate, 
horseradish peroxidase, and acetylacetone) in MES buffer were added.  The pH 4.5 for 
buffer was selected to ensure slightly acidic conditions for optimum GOx activity25 and 
to minimize the thiolate concentration, owing to the dissociation of the thiol hydrogen 
(mercaptopropionate pKa is approximately 10.4),26 ensuring minimal disulfide or thiol 
oxidation by the generated hydrogen peroxide.27  Glucose solutions were prepared 24 
hours prior to use to ensure mutarotation equilibrium,28 while enzyme solutions were 
used within 48 hours of dissolution.  All stock solutions and thiol–ene formulations used 
were precipitate-free.  For oxygen-mediated polymerization experiments, the thiol–ene 
formulations were removed from the anaerobic chamber, bubbled with air (21% oxygen) 
for 20 seconds, and immediately pipetted into a glass-bottomed cylindrical sample cell, 
affording 2.5 mm thick samples, and placed in a Thermo Scientific Nicolet 6700 FTIR 
spectrometer.  The polymerization reaction commenced upon exposure to aerobic 
conditions, and functional group conversions were determined in real-time using FTIR 
spectroscopy29 by monitoring the disappearance of the peak area centered at 6139 cm-1, 
corresponding to the vinyl-CH stretch.30  Spectra were collected at a rate of 
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approximately three every two seconds.  Anaerobic control experiments were similarly 
performed using FTIR spectroscopy on samples that remained unexposed to oxygen.  All 
experiments were performed in triplicate at ambient temperature and the average and 
standard error reported. 
 
Figure 21:  Stability of the thiol–ene solution in 0.1 M MES buffer. Allyl ether 
functional group conversion is shown for an aqueous thiol–ene solution in the absence 
of any components of the radical initiating systems and under aerobic conditions. 
4.3 Results and discussion 
4.3.1 Coupled Enzymatic-Fe(II)/Fe(III) Radical Initiation 
Aqueous monomer solutions of ETTMP and PEGDAE in MES buffer were formulated 
with a three-component, enzymatic, radical initiating system, comprised of GOx, glucose, 
and FeSO4, exposed to air (ca. 21% oxygen), and the polymerization reaction was 
monitored by FTIR spectroscopy for 30 minutes.  In the presence of oxygen, GOx 
oxidizes glucose to generate gluconolactone and hydrogen peroxide which is 
subsequently reduced by Fe2+, (i.e., the Fenton reaction) according to the reactions21 
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thus generating hydroxyl radicals capable of initiating the thiol–ene polymerization.  As 
the radical-initiating system is composed of three components (excluding oxygen), 
studies were performed where the initial concentration of one component was varied 
while the initial concentrations of the other two were maintained.  Previous work has 
shown that the Fe2+-mediated production of hydroxyl radicals from H2O2 is significantly 
enhanced by the presence of physiological thiol-bearing compounds such as glutathione 
and cysteine,31 suggesting a particular suitability for Fenton chemistry to effect rapid 
polymerization of thiol–ene materials owing to their ubiquitous thiol functional groups. 
We first investigated the influence of Fe2+ concentration on the thiol–ene 
hydrogel polymerization by varying the initial concentration of Fe2+ from 0 to 720 µM 
while the initial concentrations of glucose and GOx were maintained at 56 mM and 14.8 
kU/L, respectively (Figure 22).  At low Fe2+ concentrations (≤ 72 µM), the maximum rate 
of polymerization and extent of reaction both increased as the Fe2+ concentration was 
raised.  This initiating system relies on the Fe2+-mediated Fenton reaction to generate 
hydroxyl radical initiating species from hydrogen peroxide afforded by the action of GOx 
on glucose in the presence of oxygen.  The reaction depicted in Equation 10 suggests a 
simple relation between the Fe2+ concentration and the rate of hydroxyl radical 
generation; however, the several concurrent interactions between Fe2+, Fe3+, H2O2, and 
radical species convolute this process.  
Glucose + O2
GOx! →!! Gluconolactone + H2O2
H2O2 + Fe
2+ !→! Fe3+ + OH- + OH•
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Figure 22: Influence of initial Fe2+ concentration. Allyl ether functional group 
conversions, monitored by FTIR spectroscopy, are shown for aqueous thiol–ene 
solutions formulated with glucose, GOx, and Fe2+ (56mM, 14.8 kU/L, and 
concentrations as shown in legend, respectively) upon exposure to air. 
For example, several other reactions that lead to the generation of potential initiating 
radical species include32, 33 
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(14) 
where the Fe3+ generated in Equation 10  is ultimately reduced back to Fe2+ which is thus 
catalytically decomposing H2O2.  As seen in Figure 22, the extent of polymerization after 
30 minutes monotonically decreases at initial Fe2+ concentrations in excess of 72 µM.  
Although this inhibitory effect of Fe2+ on radical polymerizations is not readily explained 
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by the reactions described in Equations 10–14, both Fe2+ and Fe3+ are known to 
participate in oxidative termination reactions with some radical species,21, 32 such as 
 
 
(15) 
 
 
(16) 
where R⋅ is a propagating radical.  Consequently, radicals are rapidly consumed in these 
competing reactions and are thus unavailable to participate in the hydrogel 
polymerization, leading to the observed Fe2+-dependent polymerization retardation and 
ultimately limiting the maximum attainable polymerization rate and extent.  The 
inhibitory effect of raised Fe2+ concentrations has previously been observed in the 
radical-mediated polymerization of an acrylate-based hydrogel that employed a GOx-
glucose-Fe2+ radical-generating initiation system at similar Fe2+ concentrations.21  The 
inhibition of radical polymerizations by Fe2+ and Fe3+ has been shown to be monomer 
dependent where, for example, the polymerization rate of methyl(methacrylate) is 
unaffected by Fe3+;34 nevertheless, similar resistance to Fe2+-dependent retardation is 
clearly not exhibited by the current thiol–ene formulation.  Thus, while Fe2+ is necessary 
to induce polymerization, reaction rates do not scale with initial Fe2+ concentration.  
Notably, the polymerization proceeded under aerobic conditions even in the absence of 
added Fe2+, albeit at an extremely slow rate. (Figure 22, 0 µM Fe2+).  As the generation of 
H2O2 does not require Fe2+ to proceed and it is stable in acidic media at ambient 
temperature, we ascribe the small amount of polymerization observed under aerobic 
conditions at 0 µM Fe2+ to the presence of trace amounts of iron impurities in the 
formulation precursors. 
Fe2+ + OH•!→! Fe3+ + OH-
Fe3+ + R•!→! Fe2+ + products
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The influence of the initial glucose concentration on the polymerization rate, final 
conversion, and substrate saturation of GOx was examined by monitoring 
polymerizations of aqueous thiol–ene solutions formulated with initial Fe2+ and GOx 
concentrations of 72 µM and 14.8 kU/L, respectively, and initial concentrations of 
glucose varied from 0 to 170 mM upon exposure to oxygen (Figure 23).  As expected, the 
polymerization rate and final conversion increase monotonically as the glucose 
concentration is raised at moderate glucose concentrations; however, at 28 mM and 
above, a zero-order dependence of glucose concentration on the polymerization rate is 
observed, demonstrating saturation of the GOx by its glucose substrate at these 
concentrations.  At raised glucose concentrations, the allyl ether conversions approach 
90% after 30 minutes of air exposure indicating the complete consumption of one of the 
reagents.  The oxidation of glucose by GOx is initially accompanied by the reduction of 
flavine adenine dinucleotide (FAD) to FADH2 which is subsequently reoxidized by O2 to 
afford H2O2.35  As both GOx and Fe2+ act catalytically to generate initiating species, the 
incomplete polymerization suggests complete consumption of either glucose or dissolved 
oxygen during the reaction.  The consistent reaction extents after 30 minutes for glucose 
concentrations from 28 to 170 mM indicates that, rather than glucose being the limiting 
reagent, the dissolved oxygen initially introduced by bubbling the formulation with air is 
depleted by the oxidation of glucose faster than it can be replenished by diffusion from 
the atmosphere. 
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Figure 23: Influence of initial glucose concentration. Allyl ether functional group 
conversions are shown for aqueous thiol–ene solutions formulated with GOx, Fe2+, 
and glucose (14.8 kU/L, 72 µM, and concentrations as shown in legend, respectively) 
upon exposure to air. 
As the enzyme GOx is the most expensive of the formulation components in this 
coupled radical initiation scheme, we varied the GOx concentration to determine the 
minimum amount that would afford a reasonable polymerization rate and reaction extent.  
The concentration of GOx in the aqueous thiol–ene solutions was varied from 0 to 14.8 
kU/L while maintaining initial glucose and Fe2+ concentrations at 56 mM and 72 µM, 
respectively (Figure 24), and both the reaction rate and extent increased as the GOx 
concentration was raised.  An important parameter to consider for the clinical utilization 
of hydrogel sealants is the gelation time.  Too short a gel time results in gelation prior to 
application at the wound site and hence prevents adequate adhesion and sealing; 
conversely, too long a gel time results in excessively delayed solidification of the sealing 
material.  The theoretical gel point of an ideal step-growth polymerization, described by 
classical Flory-Stockmayer theory,36 depends upon the average number of functional 
groups on each monomer and the stoichiometric ratio between functional groups.  As the 
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model thiol–ene formulation, used throughout this study was comprised of trithiol and 
diallyl ether monomers in a 1:1 thiol:ene stoichiometric ratio, the theoretical gel point is 
calculated as approximately 70% conversion.  Thus, the formulations containing 0 and 
1.5 kU/L GOx did not gel over the course of 30 minute air exposure, while the 7.4 and 
14.8 kU/L GOx formulations gelled after ~15 and ~13.5 minutes (excluding the initial air 
bubbling period and concomitant polymerization), respectively.  Currently, these gel 
times are not clinically relevant; however, the gel point conversion can be conveniently 
decreased by increasing the monomer functionality.  For example, replacing the PEG 
diallyl ether for a tetraallylated PEG in the current formulation would decrease the gel 
point conversion to ~41% corresponding to a gel time of a more useful ~6.5 minutes for 
the 14.8 kU/L GOx formulation. 
 
Figure 24: Influence of GOx concentration. Allyl ether functional group conversions 
are shown for aqueous thiol–ene solutions formulated with glucose, Fe2+, and GOx 
(56 mM, 72 µM, and concentrations as shown in legend, respectively) upon exposure to 
air. 
Air exposure of a glucose-free, GOx- and Fe2+-containing formulation (Figure 23, 
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kU/L GOx) unexpectedly afforded slow polymerization; notably, the polymerization rates 
of these two formulations were, within the experimental error, identical and significantly 
faster than the Fe2+-free, glucose- and GOx-containing formulation (Figure 1, 0 µM 
Fe2+).  Although an aqueous thiol–ene solution formulated with 14.8 kU/L GOx, 56 mM 
glucose, and 72 µM Fe2+ proved stable under anaerobic conditions (Figure 25), 
demonstrating the necessity for oxygen exposure to initiate the polymerization, an 
aqueous thiol–ene solution containing none of the initiating system components proved 
similarly stable under aerobic conditions (Figure 21).  As GOx exhibits high substrate 
specificity,25 enzymatic generation of H2O2 does not proceed in the absence of glucose.  
Moreover, there is no mechanism for glucose to generate initiating species by itself upon 
oxygen exposure at ambient temperature.  Generation of radicals necessary for the 
observed polymerization is thus attributable to direct oxygen reduction by Fe2+ according 
to the reaction equations37, 38 
 
 
 
(17) 
 
 
(18) 
where the generated H2O2 subsequently oxidizes Fe2+ to Fe3+ via the Fenton reaction 
(Equation 10) to yield hydroxyl radical initiating species.  Notably, previously described 
acrylate systems polymerized by GOx-glucose-Fe2+ initiating systems did not 
demonstrate any evidence of polymerization in the absence of glucose.20, 21  Given the 
strong inhibition of radical-mediated chain-growth acrylate polymerizations by oxygen, 
the low radical generation rate may not have been adequate to sufficiently deplete the 
O2 + Fe
2+ !→! O2
-• + Fe3+
O2
-• + Fe3+ + 2H+ !→! H2O2 + Fe
3+
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oxygen concentration to overcome this inhibition and allow the polymerization to 
proceed.  In contrast, the radicals formed upon air exposure via this non-enzymatic 
mechanism are able to effect polymerization here, albeit at a low polymerization rate, 
owing to the resistance of the thiol–ene reaction to oxygen inhibition.  Nevertheless, 
although the radicals afforded by this pathway do effect thiol–ene polymerization under 
aerobic conditions, all components of the combined GOx-glucose-Fe2+ system are 
necessary for useful polymerization rates. 
 
Figure 25: Stability of the thiol–ene solution formulated with the GOx-glucose-Fe2+ 
radical initiating system. Allyl ether functional group conversion is shown for an 
aqueous thiol–ene solution formulated with glucose, Fe2+, and GOx (56 mM, 72 µM, 
and 14.8 kU/L, respectively) under anaerobic conditions. 
The several redox reactions that lead to hydroxyl radical generation by the GOx-
glucose-Fe2+ initiating system are summarized in Scheme 27.  The introduction of 
oxygen leads to the generation of hydrogen peroxide both through the GOx-catalyzed 
oxidation of glucose and accompanying reduction of oxygen, or via a non-enzymatic 
route where oxygen is directly reduced by Fe2+.  The in situ generated hydrogen peroxide 
is further reduced by Fe2+ to yield hydroxyl radicals, a species capable of initiating the 
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thiol–ene polymerization, and Fe3+ which in turn can be recycled back to Fe2+.  This 
GOx-glucose-Fe2+ system is deficient as a radical initiating system for the fabrication of 
thiol–ene hydrogels primarily because raised Fe2+ concentrations significantly retard, 
rather than enhance, thiol–ene polymerization rates; indeed, the 720 µM Fe2+ system 
(Figure 22) did not gel even after exposure to aerobic conditions for thirty minutes.  In 
clinical settings, it may be desirable to perform the polymerization at physiological pH 
values where the thiolate ion concentration is non-negligible.  Under these conditions, the 
Fe3+ generated from Fe2+-mediated H2O2 reduction would oxidize thiolate anions to thiyl 
radicals,37, 38 potentially augmenting thiol–ene polymerization rates, and rapidly 
recovering the Fe2+ species which are then available to participate in further H2O2 
decomposition events.  Regardless, given the complexity of Fe2+/Fe3+ redox chemistry, 
the development of an approach that enables radical generation from H2O2 
decomposition, but avoids the utilization of Fe2+ and its associated inhibition of radical 
polymerizations, is attractive. 
 
 
Scheme 27: The generation of hydroxyl radicals upon exposure of the GOx-glucose-
Fe2+ system to aerobic conditions. The primary hydroxyl radical-generating 
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mechanism is the GOx-mediated reduction of oxygen to hydrogen peroxide that is 
further reduced to hydroxyl radicals by Fe2+. Alternatively, the reduction of oxygen by 
Fe2+ yields superoxide radicals that are similarly reduced to hydrogen peroxide. The 
Fe3+ generated during these reactions is recycled back to Fe2+ via reaction with 
hydrogen peroxide. 
4.3.2 Horseradish Peroxidase Radical Initiation 
Horseradish peroxidase (HRP) is an oxidoreductase capable of generating radicals by 
catalyzing the action of a suitable oxidant, commonly hydrogen peroxide, on a 
reductant.39  The utility of HRP for the initiation of polymerization reactions is well-
documented and has been used to synthesize polymers through the oxidative 
polymerization of phenols40 and the free-radical, chain-growth polymerization of 
acrylamides41 and (meth)acrylates.42  For example, poly(methyl methacrylate) (PMMA) 
was synthesized from a formulation of methyl methacrylate, HRP, hydrogen peroxide, 
and acetylacetone as a substrate for HRP-mediated oxidation.42  The polymerization did 
not proceed in the absence of acetylacetone, indicating that the methacrylate monomer 
itself was a poor HRP substrate; however, in the presence of acetylacetone, oxidation by 
HRP generated radical species able to initiate the polymerization.  As H2O2 was 
generated in our initial enzymatic polymerization approach by the action of GOx on 
glucose in the presence of oxygen, we investigated the potential for HRP in conjunction 
with H2O2 to generate radical initiation species to effect thiol–ene polymerization. 
Aqueous solutions of our thiol and ene monomers in MES buffer were formulated 
with HRP and the influences of H2O2 and/or acetylacetone, a common reductant substrate 
utilized with HRP-mediated radical polymerizations, on the polymerization upon 
atmospheric exposure were examined (Figure 26).  In the presence of H2O2, the 
polymerization proceeds rapidly, attributable to the generation of radicals by HRP-
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mediated substrate oxidation.  Notably, the presence of acetylacetone in the formulation 
did not influence the polymerization rate or extent.  Low molecular weight thiols have 
previously been shown to act as HRP-mediated oxidation substrates,43, 44 demonstrating 
not only that the thiol component of the polymerizable formulation is acting as the HRP 
substrate, but that it is saturating the enzyme.  Although no HRP-mediated thiol–ene 
polymerization was observed under anaerobic, H2O2-free conditions (Figure 27), 
interestingly, the polymerization of a thiol–ene solution formulated with HRP did 
proceed slowly upon air exposure, even in the absence of added H2O2 (Figure 26, no AA 
or H2O2, and 0.1 M AA).  Under this H2O2-free condition, the addition of acetylacetone 
again did not influence the reaction rate. HRP has previously been observed to use 
oxygen as a substrate to oxidize organic reductants, although at far lower efficiency than 
its utilization of H2O2.44   
 
Figure 26: Influence of added oxidant and reductant. Allyl ether functional group 
conversions are shown for aqueous thiol–ene solutions formulated with HRP, H2O2, 
and acetylacetone (AA) (261 kU/L and concentrations as shown in legend, respectively) 
upon exposure to air. 
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Thus, we attribute the generation of adequate radicals to effect the exogenous H2O2-free 
thiol–ene polymerization observed in Figure 26 to this HRP-mediated aerobic oxidation 
of thiols. 
 
Figure 27: Stability of the thiol–ene solution formulated with HRP. Allyl ether 
functional group conversion is shown for an aqueous thiol–ene solution formulated 
with HRP (261 kU/L) under anaerobic conditions. 
4.3.3 Coupled Bienzymatic GOx-HRP Radical Initiation 
The H2O2 generation observed for the GOx-glucose formulations under aerobic 
conditions, evidenced by its oxidation of Fe2+ and concomitant radical generation (Figure 
22), and the successful and rapid thiol–ene hydrogel polymerization by HRP and H2O2, 
even in the absence of an additional reductant such as AA (Figure 26), suggests that HRP 
may be a convenient, drop-in replacement for Fe2+ in a coupled, oxygen-mediated, thiol–
ene radical initiation system.  Here, the H2O2 generated by the GOx-glucose system upon 
exposure to oxygen would serve as an oxidant source for the action of HRP on the thiol 
functional groups to yield thiyl initiating radicals (Scheme 28).  This coupled GOx-
glucose-HRP initiating system would not require Fe2+ for radical generation and 
consequently would not suffer from the polymerization retardation resulting from high 
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Fe2+ concentrations.  Such bienzymatic approaches are not without precedent.  For 
example, Uyama et al. used the GOx-glucose system for the in situ generation of 
hydrogen peroxide to effect the oxidative polymerization of phenols by HRP,45 
circumventing potential HRP deactivation by high H2O2 concentrations.39, 46  In contrast 
to our approach where polymerization proceeds upon exposure to atmospheric oxygen, 
Uyama et al. initiated polymerization by the addition of glucose. 
 
Scheme 28: The generation of radicals upon exposure of the GOx-HRP system to 
aerobic conditions. The radical species generated by this coupled bienzymatic system 
are capable of initiating thiol–ene polymerization. The primary radical generation 
mechanism proceeds via the GOx-mediated oxidation of glucose to yield H2O2, from 
which hydroxyl radicals are generated by the action of HRP on a substrate thiol. The 
direct, HRP-mediated oxidation of thiols by oxygen is a minor radical generation 
contributor. 
We investigated the coupling of these two enzymatic reactions by examining the 
influence of the HRP concentration on the polymerization rate and final conversion of 
aqueous thiol–ene solutions formulated with initial glucose and GOx concentrations of 56 
mM and 14.8 kU/L, respectively, and HRP concentrations varied from 26.1 to 261 kU/L 
upon exposure to oxygen (Figure 28).  As expected, no polymerization was noted when 
the formulation was kept under anaerobic conditions; however, upon oxygen exposure, 
polymerization successfully proceeded at rates that monotonically increased with raised 
HRP concentration (Figure 28).  Importantly, the polymerization rate at 261 kU/L HRP 
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exceeded that of the fastest GOx-glucose-Fe2+ system, reducing the gel time from ~13.5 
minutes for the Fe2+-based initiating system to ~8.5 minutes (again excluding the air 
bubbling period) when HRP was employed.  Moreover, this gel time could be further 
reduced, as required for clinical utility, either by increasing the monomer functionality or 
by further raising the HRP concentration.  Finally, the addition of acetylacetone again did 
not afford any significant polymerization rate or extent variation (Figure 29), 
demonstrating the HRP saturation by thiol and hence ineffective incorporation of 
additional reductant species. 
 
Figure 28: Influence of HRP concentration on a coupled GOx-HRP thiol–ene 
polymerization initiation.  Allyl ether functional group conversions are shown for 
aqueous thiol–ene solutions formulated with glucose, GOx, and HRP (56 mM, 14.8 
kU/L and concentrations as shown in legend, respectively) upon exposure to air. 
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Figure 29: Influence of acetylacetone on a coupled GOx-HRP initiated thiol–ene 
polymerization.  Allyl ether functional group conversion is shown for an aqueous 
thiol–ene solution formulated with glucose, GOx, HRP, and AA (56 mM, 14.8 kU/L, 
261 kU/L and 0.1 M, respectively) upon exposure to air. 
 
4.4 Conclusions 
Aqueous solutions of multi-functional thiol and allyl ether monomers were polymerized 
into solid hydrogels through in situ enzymatic generation of radical initiating species.  
The first enzymatic system uses GOx, in the presence of glucose and oxygen, to generate 
hydrogen peroxide that, upon reduction by Fe2+, forms hydroxyl radicals capable of 
initiating thiol–ene polymerization.  In addition to this enzyme-mediated process, a non-
enzymatic route involving the direct reduction of oxygen to hydroxyl ions by Fe2+ is also 
capable of initiating thiol–ene polymerization.  While this second route is a minor 
contributor compared to the GOx-mediated mechanism, it is of interest as this process is 
seemingly unique to thiol–ene chemistry and is attributed to the resistance of the radical 
thiol–ene addition reaction to oxygen inhibition.  However, although the ternary system 
of GOx, glucose, and Fe2+ proved capable of initiating polymerization of thiol–ene-based 
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formulations, the presence of Fe2+ limits polymerization rates through several reactions 
that consume radicals.  Consequently, increasing the concentration of Fe2+ beyond 72 µM 
lead to decreased polymerization conversions where the monomer formulations did not 
gel even after thirty minutes air exposure.  As an alternative to the utilization of Fe2+, 
HRP was used as to catalyze the production of radicals from GOx-generated H2O2. 
Interestingly, the thiol–ene system did not require the incorporation of an additional 
reductant for polymerization to proceed, indicating that the thiol monomer is capable of 
being oxidized directly by HRP, using either oxygen or hydrogen peroxide as oxidant, to 
form initiating radical species.  After successful demonstration of HRP to mediate thiol–
ene polymerization, HRP was used in combination with GOx and glucose to afford an 
alternative three-component initiating system that only generates radicals upon oxygen 
exposure.  The GOx-glucose-HRP system was not subject to the polymerization 
retardation caused by high Fe2+ concentrations and yielded polymerization rates that 
exceeded those of the GOx-glucose-Fe2+ system. 
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Chapter 5      
Fabrication of Chitosan-based Hydrogels via Oxygen-mediated 
Polymerization 
Abstract: The in situ formation of hydrogels, assembled form a variety of synthetic and 
natural materials, is of increasingly vital importance for a variety of biomedical 
applications.  One material that has shown great promise is chitosan, a polysaccharide 
obtained by the deacetylation of chitin, a natural polysaccharide obtained from crustacean 
shells.  Chitosan is well-known for its biocompatibility, bioadhesion, and, owing to the 
presence of hydroxyl and amine groups, readily modifiable, allowing the facile 
introduction of additional functionality.  Here, thiolated chitosan was synthesized from 
chitosan and 2-iminothiolane.  Such a modification aids in improving the solubility as 
well as permitting the material to participate in thiol-based cross-linking reactions.  Low-
viscosity formulations of thiolated chitosan and poly(ethylene glycol) diallyl ether with 
an initiating system made of glucose, glucose oxidase, and either Fe2+ or horseradish 
peroxidase were found to rapidly afford hydrogels when exposed to the atmosphere.  The 
progression of the gelation reactions were monitored with parallel plate rheometry and it 
was found that the gelation mechanism consisted of multiple chemical reactions, 
including thiol–ene polymerization, disulfide formation, and iron-chitosan interactions.
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5.1 Introduction 
As demonstrated in the previous chapter, hydrogels may be generated by exposing thiol–
ene monomer formulations, containing an initiating system based on oxidoreductase 
enzymes, to atmospheric oxygen.  Two three-component initiating system were explored, 
one with glucose, glucose oxidase (GOx) and Fe2+, and the other where horseradish 
peroxidase (HRP) replaced Fe2+.  While this work successfully utilized a model monomer 
system of ethoxylated trimethylolpropane tri(3-mercaptopropionate) (ETTMP) and 
poly(ethylene glycol) diallyl ether (PEGDAE), the development of materials better suited 
for biomedical applications, including surgical adhesives and sealants, would be better 
served by utilizing more sophisticated precursors.  One such material that has been 
extensively investigated for biomaterial applications is chitosan,1-8 a polysaccharide made 
by the deacetylation of chitin, a natural polysaccharide obtained from crustacean shells.  
Interest in chitosan is driven by its excellent biocompatibility, bioadhesion, and, owing to 
the presence of hydroxyl and amine groups, facile modification.1, 2  It is especially easy to 
introduce thiol functionality and the resulting thiolated chitosan (CS-SH) should readily 
participate in thiol–ene cross-linking reactions.  Here, CS-SH was synthesized and, in 
buffered aqueous solution with PEGDAE, utilized to form hydrogels to rapidly form once 
exposed to atmospheric oxygen. 
5.2 Experimental 
5.2.1 Materials and Synthesis 
Chitosan (product C2395, 5-20 mPaS, 0.5% in 0.5% acetic acid, 80.7% deacetylated) was 
purchased from TCI.  D-Glucose was purchased from Fisher Scientific and was used as 
received. Iron(II) sulfate heptahydrate, glucose oxidase from Aspergillus niger (GOx, 
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147.9 U/mg), horseradish peroxidase (HRP, Type VI, 261 purpurogallin U/mg), and 
acetylacetone (AA) were purchased from Sigma-Aldrich.  Cupferron (N-nitroso-N-
phenylhydroxylamine ammonium salt), used as a radical inhibitor to prevent premature 
polymerization, was obtained from Wako Chemicals. 2-(N-Morpholino)ethanesulfonic 
acid (MES) aqueous buffer (0.1 M MES, pH 4.5) was obtained from Teknova.  All 
materials were used as received. 
Thiolated chitosan was synthesized by closely following previously published 
procedures.1-3  Briefly, in a flask, 1 gram of chitosan was dissolved in 100 mL of a 1 
vol% aqueous acetic acid solution and the pH was raised to 6.5 with 1 M NaOH solution.   
The flask was purged with nitrogen and 200 mg of Traut’s reagent was added; the 
reaction mixture was then stirred and 24 hours at room temperature.  Afterwards, the 
reaction mixture was dialyzed, using a membrane with a molecular weight cut-off of 
3,500 g/mol, four times.  The first time with a 5 mM HCl solution for 8 hours, the next 
two using a 5 mM HCl with 1% NaCl for 8 hours each, and finally with 5 mM HCl for 8 
hours.  The solution was then lyophilized for 3 days, affording a fibrous white material.  
The thiolated chitosan was stored under nitrogen at -20ºC to minimize disulphide 
formation.  Thiol content was established by an Ellman’s assay9 performed in triplicate. 6 
mg of CS-SH was dissolved in 2 mL phosphate buffer (0.1 M, pH = 8.), and 1 mL 
Ellman’s solution (1 M 5,5'-dithiobis-(2-nitrobenzoic acid) in phosphate buffer).  1 mL of 
this solution was diluted with two mL of water and the absorbance at 412 nm was 
measured using an Agilent Technologies Cary 60 UV-Vis spectrophotometer.  To 
calculate thiol concentration, an extinction coefficient of 14250 M-1cm-1 was utilized. 
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Synthesis of poly(ethylene glycol) diallyl ether (10 kg/mol)10 and LAP11, 12 were 
performed by previously described procedures. 
All liquid materials were thoroughly degassed by subjecting them to at least six 
freeze-pump-thaw cycles to ensure complete removal of dissolved oxygen. 
5.2.2 Rheometry 
Solutions of the hydrogel precursors, either or CS-SH only, were dissolved in 0.1M pH 
4.5 MES buffer.  CS-SH solutions were mixed over night to ensure complete dissolution. 
To ensure mutarotation equilibrium,13 glucose solutions were prepared 24 hours prior to 
use.  GOx and HRP solutions were used within 48 hours of dissolution. Formulations 
with both CS-SH and PEGDAE were made with a strict 1:1 thiol-to-allyl ether ratio at 2.2 
wt% (1.6 wt% CS-SH and 0.6 wt% PEGDAE), while formulations with only CS-SH 
were made at 1.6 wt; added to the precursor solutions were the initiating system 
components (i.e., glucose, GOx, FeSO47H2O, or HRP) and 0.05 wt% cupferron as an 
inhibitor.10.  All components were assembled under oxygen-free conditions in an 
anaerobic chamber and were tested within six hours, with the exception of 
Fe2(SO4)35H2O, which was added immediately before it was tested.  All formulations 
were bubbled with compressed air for 15 seconds, mixed for 15 seconds, and placed on 
the bottom plate of the rheometer.  The top plate, 25 mm in diameter, was positioned to a 
0.5 mm gap and measurements, taken every 8 seconds, were started two minutes after 
initial oxygen exposure using a 1% oscillatory strain at a frequency of 1 Hz.  The same 
procedure was utilized for the photorheometry experiments, except 0.5% LAP, a 
photoinitiator, was added to all formulations and the rheological measurements were 
taken with a 20 mm quartz top plate.  Once the formulations reached steady state for 10 
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minutes, the samples were exposed to 365 nm light at an intensity of 25 mW/cm2 for 15 
minutes. All rheometry experiments were performed in triplicate, with the average and 
standard error reported. 
5.3 Results and Discussion 
5.3.1 Justification for Utilizing Rheometry in Monitoring Gelation Reaction 
Thiolated chitosan (CS-SH) was produced by reacting chitosan with 2-iminothiolane (i.e. 
Traut’s reagent) (Scheme 29).3  Using Ellman’s assay,9 absorption at 412 nm was 
0.64±0.03; by utilizing an extinction coefficient of 14250 M-1 cm-1,9 this absorbance 
corresponds to a thiol concentration of 67.6 µmol/g.  While somewhat lower than 
previously reported values, Ponchel and coworkers reported a concentration of 213 
µmol/g,3 there are several advantages to having low functional group concentration, 
notably that the CS-SH is more likely to retain the useful properties of CS and that the 
demand for the allyl ether-functional monomer is low, ensuring that the percentage of 
CS-SH in the cross-linked polymer network remains quite high.  Conversely, the low 
concentration of functional groups makes it difficult to monitor cross-linking reactions 
(i.e., the consumption of thiol and allyl ether groups to form thioethers) spectroscopically.  
Previous methods utilized IR spectroscopy to monitor the changes in the allyl ether peak 
at 6100 cm-1.10  While the absorbance of this overtone peak is typically low, it has 
proven quite useful for monitoring thiol–ene polymerization reactions, particularly with 
low molecular weight model monomers previously utilized that allow for the formulation 
of concentrated aqueous solutions that are dense with functional groups.10  For example, 
in the previous chapter, the aqueous solution monomer solution contained 15.4 wt% 
PEGDAE and 19.6 wt% ETTMP, corresponding to 445 mM allyl ether.  Such a high 
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monomer concentration was necessary to provide an absorbance at 6100 cm-1 that could 
be adequately measured, though even at this concentration allyl ether absorbance was still 
relatively small and noisy.  Unfortunately, when preparing aqueous solution of CS-SH, 
increasing solution concentration leads to excessively high viscosities and the resulting 
solution are quite difficult to work with.  For the work described here, a CS-SH solution 
of 1.6 wt% was utilized as it was of sufficiently low viscosity to easily handle; this 
concentration yielded formulations with a thiol concentration of 1.1 mM.  As all 
formulations here maintained a strict 1:1 thiol-to-ene ratio, adding an equivalent amount 
of PEGDAE results in a solution with 1.1 mM allyl ether groups, far lower than the 
model monomer formulation utilized in the previous chapter.  Attempts to monitor the 
allyl ether peak at 6100 cm-1 failed as its intensity was so low it was buried in the noise.  
Moreover, the stronger absorbance of the allyl ether peak at 3100 cm-1 and the thiol peak 
at 2500 cm-1 lie within the region where water strongly absorbs, rendering these peak 
unusable as well. 
 
Scheme 29: Synthesis of thiolated chitosan from chitosan and 2-iminothiolane (i.e., 
Traut’s reagent). 
As IR spectroscopy proved ill-suited for monitoring the thiol–ene polymerization 
of aqueous CS-SH/PEGDAE formulations, parallel plate rheometry was utilized instead.  
Rather than monitoring the change in functional group concentrations, rheometry will 
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measure the change in shear storage modulus (G′) as the formulations transform, as a 
result of oxygen-mediated polymerization, from low viscosity liquid to cross-linked 
hydrogels.  Admittedly, this method has a drawback: oxygen can only diffuse into the 
sample material from the sides, creating a gradient from the edges to the center for both 
oxygen and reaction extent.  Nonetheless, as will be evident throughout this discussion, 
parallel plate rheometry proved quite useful in monitoring gelation. 
5.3.2 Glucose/GOx/Fe2+ Initiating Systems 
Using the work from the previous chapter as a model, CS-SH/PEGDAE aqueous 
formulations containing the glucose, GOx, Fe2+ initiating system were evaluated for their 
capacity to undergo gelation in response to exposure to the atmosphere.  As the 
previously described work attained a maximum polymerization rate and extent using 56 
mM glucose, 14.7 kU/L GOx, and72 µM, these concentrations were utilized with the CS-
SH/PEGDAE formulations; after exposing the formulation to the atmosphere, G′ 
increases from approximately 0.1 Pa to over 1000 Pa in less than 25 minutes – a change 
of over 4 orders of magnitude (see Figure 30). 
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Figure 30: Influence of initial Fe2+ concentration on G′. Storage moduli are shown for 
aqueous CS-SH/PEGDAE solutions formulated with glucose, GOx, and Fe2+ (56mM, 
14.8 kU/L, and concentrations as shown in legend, respectively) upon exposure to air. 
With the glucose/GOx/Fe2+ initiating system, increasing the concentration of Fe2+ 
beyond 72 µM in the ETTMP/PEGDAE model monomer formulation lead to a decrease 
in reaction rates and extents owing to the influence of unwanted radical-destroying side 
reactions.  However, with the CS-SH/PEGDAE formulation, reaction rates increased 
with Fe2+ concentration.  In fact, at the 720 uM Fe2+, the highest concentration attempted, 
the formulation was gelling as it was being pipetted on the bottom plate of the rheometer 
– approximately one minute after the formulation was first exposed to the atmosphere.  
While this result is certainly exciting as it convincingly demonstrates rapid hydrogel 
formation upon exposure to the atmosphere, it was entirely unexpected and requires 
further exploration.  It appears that the presence of chitosan prevents one or more of the 
iron-mediated polymerization retarding reactions; one plausible explanation is that Fe2+ 
ions, included as part of the initiating system, or Fe3+ ions, formed in the Fenton reaction, 
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complex with the chitosan14 in such a manner that hinders the capacity of the iron ions to 
undergo radical eliminating reactions. 
Interestingly, not only was unexpected behavior observed at the highest Fe2+ 
concentration, but also in its absence.  For CS-SH/PEGDAE formulations with glucose 
and GOx and no Fe2+, gelation was observed after oxygen exposure, with G′ reaching 
nearly 1 kPa after 50 minutes. While gelation of this formulation was undoubtedly slower 
than those with Fe2+, indeed there was an induction period where it took approximately 
15 minutes for G′ to exceed 1 Pa, the fact that it gelled at all is remarkable; with the 
model ETTMP-TMPTAE monomer formulation, essentially no reaction was observed 
when Fe2+ was omitted.10  Hydrogen peroxide, while it may be part of a radical-affording 
initiating system (e.g., along with Fe2+ or HRP),10 would not be expected to initiate thiol–
ene polymerization by itself.  Thus, it is quite surprising to observe gelation without a 
clear means of generating the polymerization-initiating radicals.  One tenable explanation 
is that gelation almost certainly involves the thiol groups in a redox reaction: in the 
presence of an oxidant, thiols will form disulfides.15  In fact, this reaction has been 
intentionally utilized to form hydrogels.  For example, the thiol groups naturally-present 
from cysteine residues in the protein albumin,15 or those present on modified 
polysaccharides, including alginate,16 hyaluronic acid,17 and chitosan,1, 4 can be readily 
oxidized to form disulfide cross-links.  In a specific example, aqueous solutions of 
thiolated chitosan gelled after several hours when the temperature was increased to 37ºC, 
the pH increased to 7.4, and the solution was exposed to the atmosphere.4  So while 
hydrogel-formation resulting from disulfide formation has been explored previously, the 
gelation times for the system described here seems somewhat faster. 
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The gelation mechanism of the CS-SH/PEGDAE formulations, based solely as on 
the results shown in Figure 30, has already been shown to differ significantly from the 
results obtained previously with the model ETTMP/PEGDAE monomer system.  To gain 
further insight into the reactions responsible for gelation, a series of control experiments 
were performed where various components of the formulation were removed.  The first 
of these series removed both glucose and GOx, and varied the concentration of Fe2+.  
When Fe2+ was omitted, no gelation was observed and the G′ remained at 1 Pa or less 
over the entire 50 minute experiment; similar results were observed when 72 µM Fe2+ 
was added.  Increasing the concentration of Fe2+ to 720 µM lead to the G′ increasing to 
approximately 3 Pa after 50 minutes, though still no gelation was observed.  This minor 
increase in G′ is readily attributed to a reaction noted previously with the model 
ETTMP/PEGDAE monomer system: two equivalents of Fe2+ reduces oxygen to 
hydrogen peroxide, while a third is necessary for the radical generating Fenton reaction 
(Scheme 27).  Despite this gentle increase in G′ at 720 µM Fe2+, these result convincingly 
demonstrate that oxygen and Fe2+, without the hydrogen peroxide-generating action of 
glucose and glucose oxidase, are insufficient in effecting any significant gelation 
reaction.  
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Figure 31: Influence of initial Fe2+ concentration on G′ in the absence of glucose or 
GOx. Storage moduli are shown for aqueous solutions of CS-SH and PEGDAE 
formulated with varying amounts of Fe2+ (concentrations as shown in legend). 
Far more interesting are the results obtained in a series where PEGDAE was 
omitted.  Here, a glucose, GOx, Fe2+ initiating system was included in an aqueous 
formulation with CS-SH.  As there is no allyl ether functionality present, no thiol–ene 
reaction is possible and, one would expect, no gelation would occur when this 
formulation was exposed to the atmosphere.  Nonetheless, despite expectations, these 
formulations did gel upon exposure to atmospheric oxygen.  Upon reflection, this should 
not have been a surprise: as noted above, water-soluble, thiol-containing precursors have 
readily been converted into hydrogels through the formation of disulfide linkages. 1, 4, 15-17   
Indeed, here there may be several routes to disulfide formation.  For all of the 
formulations, whether or not they contain Fe2+, the hydrogen peroxide, formed by the 
GOx-catalyzed oxygen reduction, may be able to oxidize the thiols into disulfides; for 
those formulations that do contain Fe2+, the thiyl radicals, formed by the abstraction of 
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thiol hydrogens from the Fenton reaction-generated hydroxyl radicals (Equation 10), may 
undergo radical-radical termination reactions that afford disulfides.18 
 
Figure 32: Influence of initial Fe2+ concentration on G′ for formulations without 
PEGDAE. Storage moduli are shown for aqueous CS-SH solutions formulated with 
glucose, GOx, and Fe2+ (56mM, 14.8 kU/L, and concentrations as shown in legend, 
respectively) upon exposure to air. 
In addition to the potential for both thioether and disulfide linkages to form, there 
is another plausible cross-linking reaction: the formation of ionic cross-links between 
iron ions and CS-SH.  As noted above, Fe3+ ions are known to complex with chitosan14 
and this was brought forth as a plausible explanation for the lack of apparent iron-
mediated inhibition reactions.  An alternative explanation is that Fe3+ ions, generated 
through the Fenton reaction, ionically cross-link CS-SH, driving the increase in G′.  To 
further explore the influence of Fe3+ ions, G′ of an aqueous solution of CS-SH with 720 
µM Fe3+ was again monitored after exposure to the atmosphere – for comparison, a 
analogous formulation with Fe2+ ions was also examined.  As the potential exists for Fe3+ 
ions to cross-link chitosan even in the absence of oxygen,14 the Fe3+ was added 
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concomitant to oxygen exposure. For both Fe2+ and Fe3+-based formulations, G′ only 
exhibited modest increases, reaching approximately 2 Pa, after 50 minutes and no 
gelation was observed– results that are quite similar to the 720 uM Fe2+ formulation, 
shown in Figure 31, that included PEGDAE as well as CS-SH.  Thus, over the 50 
minutes that were monitored via rheometry, the action of oxygen iron ions alone does not 
induce gelation.  However, very different results were observed when glucose and GOx 
where added to a CS-SH solution with 720 µM Fe3+.  Here, G′ rises quickly and the 
reaction trajectory resembles the one observed with a glucose, GOx, and 720 µM Fe2+ 
initiating system (Figure 32), demonstrating that behavior with either Fe2+ or Fe3+, in the 
presence of both glucose and GOx, is quite similar.   
From this, there are several plausible explanations.  One possibility is that Fe3+ 
ions may undergo Fenton reactions with H2O2,19, 20 leading to the formation of radicals 
and Fe2+ ions that can, as seen previously, afford radicals (Equations 3–6).  (These Fe3+ 
Fenton reactions were discussed in the previous chapter.) While this seems realistic, there 
may be an alternative explanation: interactions between iron ions and chitosan may be 
contributing to the observed rise in G′ after oxygen exposure.  Chitosan, owing to the 
presence of multiple hydroxyl and amine groups, has been demonstrated to strongly 
coordinate with metal ions, including Fe3+,14 and has been explored as means of 
removing Fe3+ aqueous solutions,21 making it plausible that Fe3+ cross-links are at least 
partially responsible for the rise in G′ observed after oxygen exposure.  Moreover, while 
ions have been used to cross-link anionic polysaccharides like alginates,22 it is not 
obvious if Fe2+ is capable of doing so for chitosan.  Thus it is likely that the increase in 
G′, observed with the glucose, GOx, Fe2+ initiating system (Figure 30), depends not only 
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on the formation of thioethers and disulfide linkages, but also upon the rapid formation of 
Fe3+,via the Fenton reaction, and its capacity for forming ionic cross-links.  Clearly, this 
role of iron ions in this system is quite complex and warrants further investigation. 
 
Figure 33: Influence of Fe3+ concentration on G′ for formulations without PEGDAE. 
Storage moduli are shown for aqueous CS-SH solutions formulated with glucose, GOx, 
and Fe3+ or Fe2+ (concentrations as shown in legend) upon exposure to air. 
5.3.3 Photo-mediated Breaking of Disulfide Linkages 
In the above discussion, it is apparent that there are several reactions leading to an 
increase in G′ upon oxygen exposure, including disulfide formation.  To confirm that 
disulfide formation is one of the cross-linking reactions contributing to oxygen-mediated 
gelation, photorheometry experiments were performed.  Following work by Anseth and 
coworkers,23 a lithium acyl phosphinate (LAP) water-soluble photoinitiator was added, at 
0.5 wt%, to two formulations: one with CS-SH and PEGDAE with an initiating system of 
56 mM glucose, 14.8 kU/L GOx, and 720 µM Fe2+ and the other with only CS-SH and 
720 µM Fe2+.  The addition of the photoinitiator permitted the destruction of disulfide 
bonds (see Scheme 30a),23 while leaving any thioethers unaffected,24 upon light exposure 
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and photorheometry (see Scheme 30b) allowed for the real-time observation of the 
resultant change in G′.  It was expected that the formulation with both CS-SH and 
PEGDAE would contain a significant quantity of thioether linkages, while the 
formulation with only CS-SH could only be cross-linked through disulfides; thus, when 
each of these formulations were exposed to UV light, it was expected that the G′ of CS-
SH/PEGDAE formulation would stay close to its original value, while the G′ of the CS-
SH-only formulation would decrease significantly. 
 
Scheme 30: Photo-induced destruction of disulfide bonds, monitored by 
photorheometry.  A) A hypothetical network polymer cross-linked by both thioethers 
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and disulfides is exposed to ultraviolet light in the presence of a photoinitiator.  
Radicals form the photo-induced dissociation of the photoinitiator react with disulfides, 
resulting in the disulfides being broken and causing a decrease in cross-link density.23  
B) The resulting change in G′ was monitored by photorheometry. 
As before, each formulation was exposed to the atmosphere, placed on the 
rheometer, and allowed to gel.  With G′ at steady state, the hydrogel was exposed to UV 
light and G′ was monitored for 15 minutes afterward (see Figure 34).  Over 15 minute of 
UV light exposure, the G′ of the formulation with both CS-SH and PEGDAE decrease to 
170 Pa, a far greater decrease than expected, while the CS-SH-only formulation saw the 
G′ drop to 90 Pa, less of a decrease than predicted.  While the results in Figure 34 
convincingly demonstrate the significant quantity of disulfides in both formulations, 
drawing any other real conclusions is troublesome owing to several experimental 
difficulties.  One issue is that, in the presence of CS-SH, the LAP photoinitiator tended to 
stabilize the formation of foam and that is was not possible to remove all of the air 
bubbles while bubbling and mixing the formulations.  Another issue is that, owing to the 
20 mm diameter of the top rheometer plate, the solution at the center will receive less 
oxygen than the material at the edges, causing the center material to be less-fully cured 
than the edges. When material with any unreacted functionality is exposed to UV light, 
the radicals afforded from the photoinitiator will likely lead to the formation of cross-
links, causing G′ to increase and counteracting the decrease caused by the destruction of 
disulfides.  Therefore, all that can be safely concluded from the photorheometry 
experiments is that there are significant disulfide concentrations in both CS-SH/PEGDAE 
and CS-SH-only formulations.   
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Figure 34: Monitoring decrease in G′ as a result of photo-induced disulfide breaking 
via photorheometry. Two formulations with glucose and GOx (56mM, 14.8 kU/L, 
respectively) and additional components (listed in the legend) were allowed to gel and 
then exposed to 365 nm light with an intensity of 25 mW/cm2. X-axis is the time after 
light exposure (i.e., light was turned on at t = 0 min). 
5.3.4 Glucose/GOx/HRP Initiating Systems 
As shown above (Figure 30, Figure 32, and Figure 33), iron ions contribute significantly 
to the cross-linking of CS-SH as does the formation of disulfide linkages, as seen in the 
photorheometry experiments (Figure 34).  There is also evidence for the formation of 
thioether linkages formed via the radical-mediated thiol–ene reaction, though, 
unexpectedly, the evidence is somewhat more subtle than initially predicted.  For 
example, the G′ of CS-SH/PEGDAE formulations with the glucose, GOX, Fe2+ initiating 
system (Figure 30) increases slightly more rapidly than the corresponding CS-SH-only 
formulations (Figure 32).  In order to better demonstrate that the radical-mediated thiol–
ene reaction, leading to the formation of thioether linkages, is also a major contributor to 
the cross-linked network, an alternative three-component initiating system was 
investigated, one that replaced the Fe2+ ions with HRP.  This change eliminates the 
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possibility of iron-chitosan interactions contributing the gelation, leaving only thioether 
or disulfide linkages as potential cross-linking moieties.   
As with the Fe2+-based initiating system, gelation of CS-SH-based formulations 
after exposure to the atmosphere was monitored with parallel plate rheometry; four HRP-
based formulations were attempted (Figure 34).  As a control, an initiating system that 
contained only HRP and no glucose or GOx was evaluated; G′ only increased to 
approximately 1 Pa, even less than the analogous iron-only formulations (Figure 31 and 
Figure 33).  While it is possible for HRP to act as a thiol oxidase, and was demonstrated 
to do so with the model ETTMP/PEGDAE monomer system of the previous chapter, 
such a route does not make a major contribution to gelation here.  However, once glucose 
and GOx are included along with HRP, CS-SH/PEGDAE formulations exhibit rapid 
gelation, particularly at the highest concentration of HRP utilized (261 kU L-1), with G′ 
exceeding 1 kPa; this formulation, as had the one discussed above with 720 µM 
Fe2+,(Figure 30) started gelling before the rheological measurements could be started – 
that is, it formed a hydrogel within a minute of oxygen exposure.  A strong increase in G′ 
was also observed when the HRP concentration was decreased to 26.1 kU L-1, with this 
formulation also exceeding 1 kPa.  Interestingly, a short induction period, not seen in any 
of the analogous Fe2+-based formulations, was observed in the 26.1 kU L-1 formulation.  
Induction periods have frequently been reported for HRP-based initiating system and, in 
a strategy that was utilized here, have been overcome simply by increasing initiating 
system concentrations.25 The remaining HRP-based experiment utilized a formulation 
that included CS-SH, glucose, GOx, HRP and omitted PEGDAE.  While G′ increased 
upon oxygen exposure, it never exceeded 200 Pa, far less than the formulations with 
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PEGDAE.  Any increase in G′ with the PEGDAE-free formulations could only be caused 
by disulfide formation.  Thus, for the formulation with PEGDAE, a major contributing 
factor to the increase in G′ has to be thioether linkages generated from the radical-
mediated thiol–ene reaction. 
 
Figure 35: Influence of HRP concentration on G′. Storage moduli are shown for 
aqueous solutions of CS-SH and, except where noted, PEGDAE formulated with 
glucose, GOx, and HRP (56mM, 14.8 kU/L, and concentrations as shown in legend, 
respectively) upon exposure to air. 
5.4 Conclusion 
Here, aqueous formulations of thiolated chitosan and PEGDAE, with initiating systems 
composed of glucose, GOx, and either Fe2+ or HRP, were rapidly transformed into 
hydrogels simply by exposing the formulations to the atmosphere.  The gelation 
mechanism is complex, with multiple reactions contributing to the observed increased in 
G′ after oxygen exposure.  While the radical-mediated thiol–ene reaction, predicted to be 
the dominating gelation reaction, was certainly a major contributor, disulfide formation 
and iron-chitosan interactions were also responsible for the observed oxygen-mediated 
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hydrogel formation.  Despite the complexity of this gelation process, the rapid reaction 
rates achieved here convincingly demonstrate that thiolated chitosan-based formulations 
should be investigated as biomedical adhesives and sealants.  
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Chapter 6     
Oxygen-mediated Polymerization Initiated by Oltipraz Derivative 
Abstract: A pyrrolopyrazine-thione derived from oltipraz, a compound that has been 
investigated as a chemopreventive agent, affords radicals in the presence of thiols and 
oxygen via a redox cycle, an attribute that suggests its suitability as an initiator for 
oxygen-mediated polymerization. Here, we explore the utilization of this 
pyrrolopyrazine-thione, generated in situ from a precursor, as an initiator for the radical-
mediated thiol–ene polymerization. While the pyrrolopyrazine-thione was shown to be 
capable of generating radicals in the presence of atmospheric oxygen and thiol groups, 
the reaction extents achievable were lower than desired owing to the presence of 
unwanted side reactions that would quench radical production and, subsequently, 
suppress polymerization. Moreover, we found that complex interactions between the 
pyrrolopyrazine-thione, its precursor, oxygen, and thiol groups determine whether or not 
the quenching reaction dominates over those favorable to polymerization.   
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6.1 Introduction 
Numerous applications, including paints, coatings, and adhesives, rely on in situ 
polymerization, where a liquid monomer formulation is transformed, via a 
polymerization reaction, into a solid polymer in the location where the material is 
utilized. This transformation is effected by exposing the liquid monomer formulation to 
some initiation stimulus, most commonly light,1 elevated temperature,2 or a chemical 
reactant.3 Often, the chemical stimulus, frequently labelled as a ‘cross-linker’, ‘curing 
agent’, or ‘hardener’, is packaged separately from the primary liquid monomer resin and 
the polymerization reaction only proceeds upon mixing of the reaction components. 
These two-component systems, examples of which include epoxy adhesives4 and 
urethane coatings,5 usually require precise mixing of the two reactants as deviating from 
the ideal ratio could lead to incomplete cross-linking, hindering the development of 
optimal properties. Alternatively, instead of storing the reactants in separate packages, the 
polymerization can rely upon a compound that is naturally and reliably present in the 
environment where the resultant polymer will be utilized. The development of suitable 
systems that respond to such environmentally-borne initiation stimuli could permit rapid 
advances in several emerging technologies, notably self-healing materials and surgical 
adhesives. 
The list of environmentally-borne, chemical initiation stimuli primarily includes 
components of the atmosphere. Of these, nitrogen6 and argon7 can be readily dismissed 
owing to their low reactivity; carbon dioxide can similarly be discarded for being 
relatively unreactive8 as well as its typically low atmospheric concentration. This leaves 
water9-11 and oxygen,12-14 both of which have been employed as polymerization initiation 
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stimuli. The utilization of atmospheric moisture is especially well known for initiating the 
polymerization of alkyl cyanoacrylates. In the presence of moisture or any weak 
nucleophile, alkyl cyanoacrylates undergo anionic polymerization, yielding poly(alkyl 
cyanoacrylates).9 Of these, shorter chain (e.g., methyl and ethyl) alkyl cyanoacrylates are 
utilized for commonly-available consumer glues, while the longer alkyl chain (e.g., octyl) 
variants serve as surgical-grade adhesives owing to their hydrolysis resistance and thus 
improved biocompatibility.15, 16 In addition to alkyl cyanoacrylates, moisture-cured 
isocyanate-based coatings11 and silicone-based sealants10 utilize atmospheric water to 
effect polymerization.  Nevertheless, while moisture-cured adhesives and coatings 
certainly play an important role in many commercial products, there are inherent 
drawbacks that preclude their broader adoption in new applications. Notably, the reaction 
rates are strongly dependent upon the relative humidity, with polymerization nearly 
ceasing at very low concentrations of atmospheric moisture.17, 18  Moreover, there are 
serious limitations as to the types of chemistries that can be utilized in a moisture-curing 
system: any system that reacts with water may also react with many weakly nucleophilic 
moieties, severely limiting the type of functional groups that can be present.  Thus, in 
searching for a broadly applicable environmentally-borne initiation stimulus, we are left 
with atmospheric oxygen, a particularly promising candidate given its relatively high 
atmospheric concentration and its reactivity. 
Oxygen has long served as the initiator for oil-based paints and coatings, where 
unsaturated fatty acids are cross-linked through sluggish oxygen-mediated reactions, 
catalysed by metal driers; oil-based paints typically do not fully cure until weeks or 
months after application.19  A more generally useful free-radical polymerization 
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mechanism is one based on the radical-mediated chain-growth polymerization of vinyl 
monomers, notably acrylates and methacrylates,20 whereby formulations of monomers 
and a latent initiating species polymerize rapidly by exposing the initiator to its radical-
generating stimulus. Although oxygen is well-suited for generating polymerization-
initiating radicals, owing to its capacity for participating in redox reactions,21 radical-
mediated chain-growth polymerizations are typically strongly inhibited by oxygen.22 
The radical-mediated thiol–ene addition reaction, where a thiol and an electron-
rich double bond form a thioether linkage, proceeds in the presence of radicals.23, 24 In 
contrast to conventional radical-mediated chain-growth polymerizations, the ready 
hydrogen abstractability from the ubiquitous thiol functionalities in thiol–ene 
formulations affords a mechanism that is extraordinarily resistant to molecular oxygen at 
atmospheric concentrations. Notably, the utilization of oxygen to initiate thiol–ene 
polymerization has already been established. One such system utilized oxidoreductase 
enzymes as the basis for initiating systems capable of converting aqueous thiol–ene 
monomer formulations into hydrogels upon exposure to the atmosphere.14 Another 
system employed alkylboranes, species capable of rapidly generating free radicals in the 
presence of oxygen.25 While both of these systems have utility, there are limitations: 
enzymes may lack stability in non-aqueous systems, while the extreme reactivity of 
alkylboranes may also lead to long-term stability problems. Given these limitations, there 
remains a need to develop alternative oxygen-mediated polymerization approaches. 
Interestingly, one such alternative approach arises from cancer research. 1,2-
Dithiole-3-thiones, a class of compounds to which the cancer chemopreventive drug 
oltipraz belongs, have been shown to induce cellular production of chemoprotective 
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phase II detoxification enzymes.26 The major metabolite of oltipraz is a pyrrolopyrazine-
thione, which is produced in the presence of glutathione, an intracellular tripeptide thiol. 
This pyrrolopyrazine metabolite is relatively stable in the absence of oxygen; however, in 
the presence of further thiol and oxygen, thiyl and peroxy radicals are formed. Moreover, 
the metabolite can be conveniently liberated in situ via the action of thiol on 7-methyl-
6,8-bis(methyldisulfanyl) pyrrolo[1,2-a]pyrazine (for brevity, referred to as the ‘bis-
disulfide’ or ‘bisDS’), a disulfide precursor (see Scheme 31a).27 Thus, an approach 
utilizing such compounds appears particularly well-suited to the oxygen-mediated 
initiation of a thiol–ene polymerization. Whereas a thiol–ene resin formulated with a 
disulfide precursor in an inert atmosphere would form the pyrrolopyrazine-thione 
intermediate in situ, exposure to oxygen would subsequently generate radicals capable of 
initiating the polymerization. Here we investigate the suitability of bisDS as an oxygen-
mediated initiator for thiol–ene polymerization. 
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Scheme 31: Structures of the oxygen-mediated initiator and monomers used. a) The 
bis-disulfide (bisDS) derivative of oltipraz is converted to a PPT intermediate by 
reaction with a thiol. Subsequently, in the presence of both thiol and oxygen, the PPT 
participates in a radical-generating redox cycle.28 b) Ethoxylated trimethylolpropane 
tri(3-mercaptopropionate) (ETTMP). c) 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-
trione (TATATO). 
6.2 Experimental 
6.2.1 Materials and Synthesis 
Ethoxylated trimethylolpropane tri(3-mercaptopropionate) (ETTMP, 1300 g/mol) was 
obtained from Evans Chemetics. Poly(ethylene glycol (PEG, 600 g/mol), dimethyl 
sulfoxide (DMSO), 1,3,5- triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO), 
sodium thiomethoxide, methyl methane thiol sulfonate (MMTS), and 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) were obtained from Sigma-Aldrich. Oltipraz was obtained 
from LKT Laboratories. All materials were used as received. Thiol–ene resins were 
formulated from 83.6 wt% ETTMP (see Scheme 31b) and 16.4 wt% TATATO (see 
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Scheme 31c) such that the thiol to allyl stoichiometric ratio prior to polymerization was 
maintained at 1:1 for all experiments. 
The synthesis of bisDS followed a previously published procedure.27 Briefly, 1.22 
g of oltipraz was dissolved in 200 mL of ethanol under nitrogen and heated to 44°C. To 
this solution, 1.89 g of sodium thiomethoxide was added while stirring. After 45 minutes, 
3.5 mL of MMTS was added and stirred for 2 hours. The solvent was removed under 
vacuum and the resulting crude product was dissolved in 40 mL of chloroform and 
filtered. Upon sitting, the filtrate phase separated and the clear, oily layer was discarded. 
The solvent was again removed under vacuum and the resulting product placed in a 
freezer overnight, affording crystals. The crystals were washed with cold ethanol and 
recrystallized from hot ethanol. 1H NMR (400 MHz, CDCl3), δ: 2.48 (d, 6H), 2.57 (s, 
3H), 7.83 (d, 1H), 8.24 (dd, 1H), 9.08 (d, 1H). 
For experiments performed under anaerobic conditions, monomers and solvents 
were subjected to at least six freeze-pump-thaw cycles to ensure rigorous deoxygenation 
prior to use, and formulations were assembled and mixed in an anaerobic chamber. For 
the aerobic experiments, formulations were assembled under atmospheric conditions 
using air-saturated monomers. 
6.2.2 UV-vis Spectroscopy 
Ultraviolet-visible (UV-Vis) spectroscopy was performed using an Agilent Technologies 
Cary 60 UV-Vis spectrophotometer. Formulations were placed in a 1 mm pathlength 
quartz cuvette immediately after mixing, whereupon spectra from 300 to 700 nm were 
collected every 10 minutes for 5 hours. 
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6.2.3 EPR Spectrometry 
Electron paramagnetic resonance (EPR) spectroscopy was performed using a Bruker 
EMX spectrometer. A TM110 cavity (ER 4103TM, Bruker), 100 kHz modulation 
frequency, and 1 Gpp modulation amplitude were used. Sample formulations were placed 
in a flat quartz cell and all experiments were performed at room temperature using 
DMPO as a spin trap. For experiments performed under initially anaerobic experiments, 
deoxygenated bisDS, ETTMP, and DMPO were dissolved in DMSO, 600 µL of which 
were injected into the flat quartz cell, and a spectrum was collected after two hours. Each 
formulation was then removed from the flat quartz cell, exposed to the atmosphere for 
three minutes, then reinjected back into the flat quartz cell, and a spectrum was collected 
after 15 minutes of oxygen exposure. For experiments performed under completely 
aerobic conditions, the air-saturated formulation components were combined and a 
spectrum was collected after 15 minutes. 
6.2.4 IR Spectroscopy 
For experiments performed under initially anaerobic experiments, an approximately 20 
µm thick film of deoxygenated resin was spread on a glass slide in a sealed sample cell.25 
Infrared spectra of the resin formulations were monitored remotely and in transmission 
using a Nicolet 6700 FT-IR spectrometer equipped with a fiber optic coupling accessory 
via chalcogenide optical fiber patch cables fitted with silver reflective collimators (see 
Scheme 32a). Air was introduced into the sample chamber via ports on either side, and 
the reaction was monitored by observing the disappearance of the allyl ether (3100 cm-1) 
and thiol (2570 cm-1) absorbance peaks,29 using the methyl peak at 4370 cm-1 as an 
 188 
 
internal standard.30, 31 Spectra were collected at a rate of two per second and 64 spectra 
were averaged for every reported data point. 
For experiments performed under aerobic conditions, air-saturated resin samples 
were either injected between two glass microscope slides separated by 50 µm thick shims 
to prevent further atmospheric oxygen from diffusing into the sample (see Scheme 32b) 
or spread as an approximately 20 µm thick film exposed to the atmosphere on a glass 
slide (see Scheme 32c). Each sample was placed in a Nicolet 6700 FT-IR spectrometer 
equipped with a horizontal transmission accessory and spectra were collected from 6400 
to 2000 cm-1 at a rate of two per second, and the reaction was again monitored as 
described above. 
 
Scheme 32: Schematic diagrams of experimental configurations used to examine 
oxygen-mediated polymerization kinetics by FTIR spectroscopy. a) A sealed sample cell 
permits measurement of IR spectra under anaerobic conditions until air is introduced 
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into the cell via inlet and outlet ports. b) Sandwiching a resin formulation, mixed 
under oxygen-saturated conditions, between two glass slides throughout IR spectra 
collection prevents additional oxygen from diffusing into the sample during 
polymerization. c) A resin formulation, mixed under oxygen-saturated conditions, is 
exposed to the atmosphere throughout IR spectra collection, permitting oxygen to 
diffuse into the sample during polymerization. 
6.2.5 Rheometry 
Rheological measurements were performed using a TA Instruments ARES rheometer, 
configured with a 25 mm diameter parallel-plate fixture. Sample formulations were 
combined and mixed under aerobic conditions and, immediately after 0.300 mL were 
deposited on the lower plate and the upper fixture was lowered to a gap of 0.5 mm, data 
were collected at a rate of one point every 8 seconds using an oscillatory strain of 1% at a 
frequency of 1 Hz. 
 
6.3 Results and Discussion 
Prior to the polymerization reaction that is anticipated to proceed upon exposure of a 
thiol–ene resin formulated with bisDS to atmospheric oxygen, a pyrrolopyrazine-thione 
(PPT) reactive intermediate must be generated in situ from the reaction of bisDS with the 
thiol monomer. UV-Vis spectroscopy has previously been employed to monitor the PPT 
product formation from the reaction of bisDS with the monothiol glutathione;27 
generation of the PPT is readily observed as its thiocarbonyl moiety strongly absorbs at 
approximately 300 nm and in the 420-500 nm range owing to the π to π* and the 
forbidden n to π* transitions, respectively.32  In their investigation of bisDS in an aqueous 
solution, Fishbein and coworkers found that the absorbance peak at 450 nm reached its 
maximum value within one minute and they concluded that the PPT is rapidly generated 
in near quantitative yield.27  UV-Vis experiments were performed here to determine 
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whether the thiol functional groups affixed to the trithiol monomer ETTMP are similarly 
capable of generating the PPT in situ from bisDS. As the PPT participates in subsequent 
reactions in the presence of molecular oxygen, preliminary studies were performed under 
anaerobic conditions.  Upon mixing of bisDS into a model thiol–ene resin composed of 
ETTMP and TATATO, an absorbance peak in the visible region of the spectrum (λmax = 
500 nm) was observed to increase over 2 hours for all concentrations of bisDS examined 
(see Figure 36a-c), indicating the generation of thiocarbonyl moieties and, hence, the PPT 
intermediate; as expected, the absorbance at λmax increases linearly with raised bisDS 
concentration.  Assuming complete conversion of bisDS into the PPT,27 the molar 
absorptivity, ε, was found to be 5930 ± 180 M-1 cm-1.  In contrast, when thiol groups 
were omitted, there was no observable change in the UV-Vis spectrum of a bisDS-
incorporating solution of TATATO and PEG over five hours and no absorbance observed 
at 500 nm (see Figure 36d), confirming that thiol functional groups must be present for 
reaction with bisDS to afford the PPT reactive intermediate. 
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Figure 36: UV-Vis absorption spectra for bisDS-containing resin formulations mixed 
and maintained under anaerobic conditions. a) 0.05 wt% bisDS in ETTMP and 
TATATO; b) 0.01 wt% bisDS in ETTMP and TATATO; c) 0.005 wt% bisDS in ETTMP 
and TATATO; and d) 0.05 wt% in 83.6 wt% PEG (i.e., thiol-free) and 16.4 wt% 
TATATO. 
Having established that the PPT intermediate is yielded by the reaction of bisDS 
and thiols, its oxygen-mediated radical generating characteristics were investigated using 
EPR spectroscopy by employing DMPO as a spin trap.  In the absence of oxygen, no 
radicals were detected in a solution of 172 µM bisDS (equal to 0.005 wt%), 100 
equivalents of thiol functional groups, and an excess of DMPO in DMSO; a ten-fold 
increase in the bisDS concentration yielded the same negative result (see Figure 37a), 
confirming that the reaction between bisDS and thiol to afford the PPT intermediate is 
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not radical-mediated.  However, upon exposure of the thiol/bisDS solutions to the 
atmosphere, radical generation was clearly evident in their EPR spectra (see Figure 37b); 
an ETTMP formulation with 0.005 wt% bisDS, 100 equivalents of thiol groups, and 
excess DMPO exhibited a strong signal consistent with those previously reported where 
superoxide and thiyl radicals were identified.28  Interestingly, when the bisDS 
concentration was increased from 0.005 wt% to 0.05 wt%, the resultant EPR signal 
intensity, and hence radical concentration, slightly decreased (Figure 37b).  The 
decomposition rates of conventional radical initiators are typically first order with respect 
to the initiator concentration,33 even for systems requiring a coinitiator,34 such that the 
number of radicals generated scales with the initiator concentration; however, this 
expected behaviour is not observed in the current system.  Rather, at sufficiently high 
initiator (i.e., either bisDS or thiol) concentrations, increasing the amount of initiator in 
the monomer formulation actually reduces the number of radicals generated. This 
phenomenon may be explained by the mechanism proposed by Fishbein and coworkers, 
where an undesired quenching reaction (Scheme 33),28 favoured at high PPT 
concentrations, shuts down the radical-generating redox cycle.  Nevertheless, despite this 
counterintuitive behaviour, radical generation does proceed upon exposure of the PPT 
intermediate to both oxygen and thiol, demonstrating similar behaviour for bisDS in both 
aqueous environments28 and in bulk thiol–ene monomer formulations examined here.  
This in turn suggests that bisDS could function as an oxygen-mediated initiator for thiol–
ene polymerizations, although the maximum attainable polymerization rate may be 
limited by the reduced radical generation at raised bisDS or thiol concentrations. 
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Figure 37: EPR spectra for solutions mixed under anaerobic conditions of bisDS, 
ETTMP, and DMPO in DMSO, a) maintained under anaerobic conditions and b) 
collected 15 minutes after exposure to the atmosphere. 
 
Scheme 33: In the presence of the excess PPT, the intermediate PPT  participates in a 
quenching reaction that prevents the radical-affording redox cycle as well as removing 
PPT.28 
 
To evaluate this hypothesis, the polymerization of model thiol–ene resins, 
composed of ETTMP and TATATO and formulated with various concentrations of 
bisDS, was examined using FTIR spectroscopy to monitor the consumption of thiol and 
allyl functional groups during the reaction (Scheme 32a).  In the absence of both oxygen 
and bisDS, the functional group conversion reached approximately 7% after five hours 
(see Figure 38), attributable to the often poor stability of thiol–ene formulations which 
have been observed to slowly react even in the absence of an initiator.35  Although 
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incorporation of an appropriate inhibitor can improve stability,36 inhibitors were not 
added to these formulations to avoid masking reactions caused by the bisDS.  Notably, 
the formulations incorporating bisDS exhibited minimal functional group conversion in 
the absence of oxygen over five hours for all bisDS concentrations examined (Figure 38), 
indicating that bisDS does not generate polymerization-inducing radicals itself and 
supporting the results observed in the EPR experiments discussed above (Figure 37).  
Indeed, no inhibitor was needed in the formulations as the PPT generated in situ appears 
to induce an inhibitory effect. 
 
Figure 38: a) Thiol and b) allyl functional group conversions for bisDS-containing 
ETTMP/TATATO thiol–ene formulations mixed under anaerobic conditions.  
Experiments performed by maintaining anaerobic conditions. 
Having established the minimal reaction progression under anaerobic conditions, 
these resin formulations were investigated for their behaviour upon exposure to 
atmospheric oxygen. As the UV-Vis experiments demonstrated that 2–3 hours were 
required to fully generate the PPT (see Figure 36), formulations were prepared under 
anaerobic conditions and left undisturbed for 3 hours prior to exposing them to 
atmospheric oxygen (see Figure 39).  Upon exposure to the atmosphere, the observed 
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polymerization rates were low, with functional groups conversions for the resin 
incorporating 0.005 wt% bisDS, the fastest polymerizing formulation of those examined, 
reaching only 7% after 5 hours exposure. Notably, although radical generation was 
demonstrated in formulations containing bisDS and thiol functionalities upon exposure to 
atmospheric oxygen using EPR spectroscopy, this did not translate into significant, 
oxygen-mediated thiol–ene polymerization.  Moreover, these polymerization kinetics 
results support those observed by EPR spectroscopy where increasing the bisDS 
concentration beyond a particular value affords a decreased radical concentration, 
behaviour that is consistent with the hypothesis discussed above of a radical quenching 
reaction (Scheme 33) that inhibits polymerization in the presence of excess PPT. 
 
Figure 39: a) Thiol and b) allyl functional group conversions for bisDS-containing 
ETTMP/TATATO thiol–ene formulations mixed under anaerobic conditions.  
Experiments performed by exposing the samples to the atmosphere. 
In contrast to conventional, radical-mediated chain growth polymerization 
reactions, oxygen does not wholly inhibit radical-mediated thiol–ene polymerizations; 
nevertheless, the presence of oxygen can retard polymerization rates even in thiol–ene 
systems.  Thus, to prevent further oxygen from diffusing into the samples during 
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polymerization, a second set of polymerization kinetics experiments was performed 
where oxygen-saturated ETTMP/TATATO resins were formulated with bisDS under 
atmospheric conditions, immediately injected between two glass microscope slides, and 
the consumption of thiol and allyl functional groups was monitored by FTIR 
spectroscopy (see Scheme 32b).  In contrast to the polymerization kinetics observed for 
resins under constant atmospheric exposure, here the formulation incorporating 0.005 
wt% bisDS reached a reaction conversion of nearly 45% within 2 hours (see Figure 40).  
Unfortunately, as before, increasing the concentration of bisDS above 0.005 wt% 
deceased both the rate and extent of polymerization, a dramatic divergence from 
previously studied thiol–ene systems where the scaling of the polymerization rate with 
the initiation rate approaches unity;29 indeed, the 0.05 wt% bisDS formulation exhibiting 
a reaction extent after five hours that was actually lower than the formulation with no 
bisDS.  Nevertheless, similar behaviour, where an increase in the initiator concentration 
results in a suppressed reaction rate, has been observed previously in other initiator 
systems for both radical-mediated acrylate37 and thiol–ene polymerization chemistries,14 
including those that employ iron-based Fenton chemistry or camphorquinone/tertiary 
amine photoinitiation systems at raised Fe2+ or amine concentrations, respectively.34  For 
such systems, the reaction rates decrease at elevated Fe2+ or amine concentrations owing 
to the occurrence of unwanted inhibitory and termination reactions.  Similarly, the 
behavior exhibited here may be attributable to the aforementioned quenching reaction 
that suppresses radical generation at high PPT concentrations, accounting for the 
difference in behavior between the experiments seen in Figure 39 and Figure 40.  Under 
initially anaerobic conditions, bisDS is converted into the PPT intermediate over several 
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hours, such that the PPT concentration is high when atmospheric oxygen is introduced.  
Conversely, when the formulation is initially oxygen-saturated, the PPT generated by 
reaction of bisDS with thiol can immediately react with further thiol and oxygen to start 
the radical-generating redox cycle; thus, as the concentration of PPT is initially low such 
that the quenching reaction is minimized, initiating radicals are readily formed and the 
polymerization is able to proceed.  The monomer conversion plateaus for formulations 
with both 0.005 and 0.01 wt% bisDS after approximately 2 hours reaction time suggest 
complete consumption of the dissolved oxygen such that radical-generating redox cycle 
ceases after that time. 
 
Figure 40: a) Thiol and b) allyl functional group conversions for bisDS-containing 
ETTMP/TATATO thiol–ene formulations mixed under oxygen-saturated conditions.  
Experiments performed by sandwiching samples between glass slides, preventing 
additional oxygen diffusion into each formulation. 
Given the significant differences in polymerization kinetics between samples 
initially anaerobic but exposed to the atmosphere throughout their reaction and those 
initially oxygen-saturated but reacting within closed cells, additional UV-Vis and EPR 
experiments investigating the influence of oxygen on the PPT evolution were performed. 
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Initially, oxygen-saturated thiol–ene resins were formulated with bisDS at various 
concentrations and UV-Vis spectra were collected on the resultant solutions over time.  
The results of the UV-Vis experiments run under either oxygen-saturated or anaerobic 
conditions were superficially similar as the peaks at both 300 and 500 nm increased over 
time (see Figure 41); however, unlike the experiments performed under anaerobic 
conditions where the complete conversion of bisDS into the PPT intermediate took 
several hours (see Figure 36), the absorbance at λmax did not plateau in the presence of 
oxygen even after 5 hours for any of the bisDS concentrations examined (Figure 41).  
Moreover, the observed λmax absorbances did not scale linearly with the initial bisDS 
concentration; using the PPT molar absorptivity determined above, the conversion of 
bisDS to PPT after five hours for 0.005 wt%, 0.01 wt%, and 0.05 wt% bisDS were 29%, 
65.1%, and 83.3%, respectively.  Thus, when oxygen was initially present, the PPT 
generation was retarded and, at lower bisDS concentrations, the PPT concentration 
remained much lower than it did under anaerobic conditions, indicating that oxygen 
either inhibits the formation of the PPT from bisDS or it interacts with the PPT generated 
by the reaction between bisDS and thiol.  To determine which of these mechanisms 
occurs, a formulation of 0.05 wt% bisDS in ETTMP and TATATO was initially 
assembled under anaerobic conditions and left undisturbed for three hours to wholly 
convert bisDS to the PPT (see Figure 42).  Subsequently, this formulation was exposed to 
atmospheric oxygen for 8 hours, whereupon the absorbance at λmax had dropped 
considerably (Figure 42), indicating that oxygen does indeed react with the generated 
PPT.  Interestingly, after five hours under anaerobic conditions, the λmax absorbance 
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partially recovered, indicating that the interactions between bisDS, PPT, thiol, and 
oxygen are in part reversible. 
 
Figure 41: UV-Vis absorption spectra for bisDS-containing thiol–ene formulations 
mixed under oxygen-saturated conditions. a) 0.05 wt% bisDS in ETTMP and 
TATATO; b) 0.01 wt% bisDS in ETTMP and TATATO; and c) 0.005 wt% bisDS in 
ETTMP and TATATO. 
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Figure 42: UV-Vis absorption spectra for a thiol–ene formulation of 0.05 wt% bisDS in 
ETTMP-TATATO immediately after mixing under anaerobic conditions, after 3 hours 
maintained under anaerobic conditions, after 8 hours of subsequent atmosphere 
exposure, and finally after 5 hours sealed in a cuvette to eliminate further oxygen 
diffusion. 
Equivalent experiments examining the generation of radicals in oxygen-saturated 
solutions were performed using EPR spectroscopy. Here, a solution with 0.005 wt% 
bisDS and 100 equivalents of thiol exhibited a much stronger signal after reaction under 
initially aerobic conditions (see Figure 43) than when the experiment was performed 
under initially anaerobic conditions (Figure 37b).  This again is likely a result of the 
significantly lower PPT concentration, as observed in the UV-Vis experiments (Figure 
41), when oxygen is initially present and supports the hypothesis that formulations with 
low PPT concentrations are more capable of generating free radicals via the redox cycle 
(Scheme 33) as the polymerization-retarding influence of the quenching reaction 
dominates at higher PPT concentrations. 
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Figure 43: EPR spectra for solutions mixed under oxygen-saturated conditions of 
bisDS, ETTMP, and DMPO in DMSO, collected 15 minutes after mixing. 
To further investigate the role of oxygen in the radical-generating behaviour of 
bisDS, additional polymerization kinetics experiments were performed under aerobic 
conditions (Scheme 32c): the resins, with bisDS concentrations ranging from 0 to 0.25 
wt% were formulated in the presence of atmospheric oxygen and were continually 
exposed to the atmosphere throughout the reaction (see Figure 44a and b).  At bisDS 
concentrations from 0 to 0.025 wt%, the polymerization rate and extent increased, as the 
bisDS concentration was raised and the maximum rate occurred at the start of the 
reaction.  The monomer conversion after five hours reaction time for the resin formulated 
with 0.05 wt% bisDS was similar to that for the 0.025 wt% bisDS resin, although an 
induction period of approximately 20 minutes was apparent prior to the polymerization 
onset (see Figure 44c and d).  Notably, of the experimental conditions examined, only the 
conditions used here effected appreciable monomer conversion with 0.05 wt% bisDS. 
This again suggests that the role of oxygen is complex, participating both in generating 
radicals from the PPT and thiol while simultaneously eliminating the PPT via some 
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quenching reaction.  Whereas removing the PPT lessens the potential radical generation 
rate, it also reduces the occurrence of the polymerization-retarding quenching reaction.  
Thus, the constant influx of oxygen from the atmosphere destroyed excess PPT, 
suppressing the quenching reaction, while still retaining a sufficient PPT concentration to 
generate polymerization-initiating radicals.  This hypothesis is further supported by the 
behavior at high bisDS concentrations where progressively longer induction times and 
decreased polymerization rates and extents were observed as bisDS concentrations were 
raised above 0.05 wt% (see Figure 44c and d); indeed, at a concentration of 0.25 wt% 
bisDS, the monomer conversion after five hours was only 5%, appreciably lower than all 
bisDS-containing formulations examined and indicating that the PPT concentration 
generated by this bisDS loading was too high to enable sufficient radical generation for 
significant polymerization. 
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Figure 44: a&c) Thiol and b&d) allyl functional group conversions for bisDS-
containing ETTMP/TATATO thiol–ene formulations mixed under oxygen-saturated 
conditions. Experiments performed by exposing the samples to the atmosphere. For 
clarity, bisDS-containing resin compositions separated into two ranges: a&b) 0 – 0.025 
wt% bisDS; c&d) 0.05 – 0.25 wt% bisDS. 
Finally, to confirm that the model, multifunctional thiol–ene resin in the presence 
of both bisDS and atmospheric oxygen results in the formation of cross-linked polymer, 
parallel plate rheometry was used to monitor oxygen-mediated polymerizations.  The 
experimental conditions used here were similar to those used for the polymerization 
kinetics experiments performed using initially oxygen-saturated resins that were 
subsequently sealed throughout the polymerization reaction; however, whereas the 
formulations were made under aerobic conditions and most of the monomer/bisDS 
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formulation was sealed against the atmosphere by the rheometer plates, diffusion of 
oxygen from the atmosphere still occurred at the plate edges (see Figure 45).  A control 
resin formulated without bisDS displayed essentially no change in either storage or loss 
modulus over five hours, indicating negligible polymerization over that period.  When 
bisDS was included in the formulation at either 0.005 wt% or 0.05 wt%, a cross-over of 
the storage and loss moduli, indicative of gelation,38 was observed.  Whereas the cross-
over point for the 0.005 wt% bisDS formulation was reached after 91 minutes, the cross-
over for the 0.05 wt% formulation occurred significantly later at 158 minutes.  Moreover, 
the 0.05 wt% formulation only achieved significant gelation in a ring around the edge, 
while the 0.005 wt% bisDS formulation exhibited solid polymer throughout the sample, 
results consistent with those observed in the polymerization kinetics experiments. 
 
Figure 45: Storage (G′, closed symbols) and loss (G″, open symbols) moduli, measured 
by parallel plate rheometry, of bisDS-containing ETTMP/TATATO thiol–ene 
formulations mixed under oxygen-saturated conditions. 
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6.4 Conclusion 
Incorporation of bisDS in model thiol–ene resin formulations has been shown to afford a 
PPT intermediate product, attributable to a reaction between bisDS and the thiol 
functional groups in the resin.  Exposure of these bisDS-incorporating thiol–ene resins to 
atmospheric oxygen results in the generation of radicals via a redox cycle, in the presence 
of both thiol and molecular oxygen, permitting its utilization as an oxygen-mediated 
initiating system for thiol–ene polymerization.  An unwanted side reaction dominates at 
elevated PPT concentrations that quenches the redox cycle, preventing radical formation 
and retarding polymerization.  Although the influence of this quenching unfortunately 
limits the utility of bisDS as an oxygen-mediated initiator of thiol–ene polymerization, 
we anticipate that the development of approaches to suppress the quenching reaction will 
afford a rapid and efficient method of utilizing oxygen as an environmentally-borne 
polymerization initiation stimulus. 
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Chapter 7      
Conclusion 
7.1 Summary of Research 
The viability of oxygen as an environmentally-borne initiation stimulus has been 
thoroughly established by the research presented here.  As noted throughout this 
dissertation, the key to oxygen-mediated thiol–ene polymerization is to generate radicals 
in response to an influx of molecular oxygen.  To achieve this, three systems were 
investigated, including alkylboranes, oxidoreductase enzymes, and thione chemistry, all 
of which proved capable of affording the radicals necessary to initiate thiol–ene 
polymerization upon exposure to atmospheric oxygen.  As the development of these 
oxygen-mediated polymerization methods is driven by two emerging applications (i.e., 
self-healing materials for space exploration habitats and biomedical adhesives and 
sealants), the three oxygen-mediated initiating systems were evaluated for their suitability 
in these applications. 
Trialkylboranes, in the presence of oxygen, produce radicals, notably alkyl and 
alkoxy radicals, that are capable of initiating polymerization.  Here, trialkylboranes were 
successfully utilized in rapidly polymerizing thiol–ene monomer formulations after 
oxygen exposure.  These reactive monomer formulations were then evaluated for their 
self-healing capabilities by sandwiching them between solid polymer plates.  Ballistics 
testing, performed at atmospheric pressure, convincingly demonstrated that solid polymer 
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could form within seconds of atmospheric exposure after penetration and that this solid 
material could form a plug that would seal the puncture.  While these results are 
extraordinarily encouraging, in order to develop a material suitable for use in a real space 
habitat, the ballistics testing needs to be performed under conditions much close to those 
on the moon or Mars.  Thus, a much more stringent ballistics testing protocol was 
developed, one that applied a pressure gradient between the front and back faces of the 
test panel.  Under these more realistic conditions, the unmodified thiol–ene-
tributylborane formulation was unable to polymerize fast enough in order to seal the 
projectile-induced hole, thus confirming that the pressure gradient ballistics test is 
significant harsher than the one performed at atmospheric pressure.  While the 
unmodified (i.e., monomer and initiator only with no filler) formulations failed, the 
addition of glass fiber as filler lead to significant improvements as sufficient resin was 
able to remain in the vicinity of the puncture in order to partially filled the hole.  This is 
tremendously exciting as there are many further formula modifications, including 
increasing monomer functionality to decrease gel time or changing the rheological 
properties by the addition of other fillers or viscosity modifiers, that can easily be 
attempted in order to improve the healing properties and this is an especially ripe source 
of possibilities for future work.  Of course, despite the successes with the alkylborane 
chemistry for self-healing applications, the extreme reactivity of the alkylborane 
chemistry likely renders it a poor choice for the biomedical applications that are also of 
interest. 
In searching for oxygen-mediated radical-affording reactions that would be 
appropriate for biomedical applications, redox reactions catalyzed by oxidoreductase 
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enzymes seemed to be a likely candidate, particularly glucose oxidase as it is capable of 
reducing oxygen to hydrogen peroxide in the presence of glucose.  The hydrogen 
peroxide can then, through a reaction with Fe2+ ions (i.e., the Fenton reaction), be 
converted into hydroxyl radicals, species capable of initiating polymerization.  By 
utilizing this glucose/glucose oxidase/Fe2+ ternary initiating system, hydrogels were 
formed from aqueous solutions of model thiol–ene monomers approximately 13.5 
minutes after atmospheric exposure.  While this certainly meets the criteria of an oxygen-
mediated polymerization, this is far too slow for a material meant to be explored as a 
surgical adhesive.  Unfortunately, the gelation times with this system are inherently 
limited owing to undesirable side reactions that dominate in the presence of excess Fe2+, 
present as part of the initiating system, and Fe3+ ions, formed as a byproduct in the 
Fenton reaction.  One successful approach to decreasing gel times was to replace the Fe2+ 
with horseradish peroxidase, an oxidoreductase that reduces hydrogen peroxide while 
oxidizing a suitable substrate; fortuitously, the thiol groups present on the monomers 
function as a horseradish peroxidase substrate and are oxidized to thiyl radicals.  By 
replacing Fe2+ with horseradish peroxide, gelation times were, with the same model 
aqueous thiol–ene monomer system, decreased to 8.5 minutes, a significant improvement, 
though still slower than desired.  Further decreases in gelation times were attained during 
efforts to move beyond model monomer systems towards materials that may be more 
clinically useful.  By using thiolated chitosan as the thiol source, hydrogels could be 
generated approximately a minute after oxygen exposure by using the glucose/glucose 
oxidase/Fe2+ initiating system.  Gelation times became so short that it was difficult to 
monitor with rheometry; the most rapidly reacting formulations were gelling while the 
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samples were being loaded into the rheometer.  Interestingly, the gelation mechanism, 
originally thought to be strictly a thiol–ene polymerization, seems to be far more 
complicated as both disulfide formation and chitosan-iron interactions also contribute.  
These unexpected side reactions are not necessarily a concern as they all seem to require 
the presence of oxygen.  Having demonstrated the facile formation of chitosan-based 
hydrogels through oxygen-mediated processes, these materials may now be explored for 
a variety of medicals applications, including hemostats and surgical glues. 
Despite the successes of both the alkylborane and oxidoreductase initiating 
systems, their limitations encourage the development of additional oxygen-mediated 
initiators.  Ideally, an alternative initiating system should be stable (i.e., unreactive) in the 
absence of oxygen, unlike alkylboranes, and be suitable for use in a variety of monomer 
systems, unlike the enzyme-based system that are best suited for aqueous monomer 
solutions.  Inspiration for such an initiating system that potentially met these 
requirements was found in the realm of cancer drug research.  Specifically, the compound 
oltipraz has been investigated for chemopreventive character and was thought to function 
in vivo through a free radical mechanism; this mechanism involves a metabolite, a PPT.  
Previous research found that a bis-disulfide derivative of oltipraz could form the PPT in 
vitro by a reaction with thiols and that this in situ generated PPT affords radicals via a 
redox cycle in the presence of both oxygen and additional thiol; thus, it seemed feasible 
that, in the presence of thiol–ene monomer formulations, the bis-disulfide would generate 
the PPT and, only after exposure to oxygen, initiate thiol–ene polymerization. In the 
research described here, the radical-generating character of the PPT was confirmed, 
though its utilization as an oxygen-mediated initiator was not as simple and 
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straightforward as was hoped.  Instead, there is a complex relation between initiator and 
oxygen concentrations: reaction rates decreased at higher initiator concentrations, though 
the manner by which oxygen was introduced into the system also had significant 
influence over reaction rates.  This behavior is brought about by radical quenching 
reactions that dominate at higher PPT concentrations. Thus, when the bis-disulfide is 
added to degassed thiol–ene monomer formulations, the bis-disulfide is converted 
entirely into PPT; as its concentration is obviously quite high, very little polymerization 
is observed after oxygen exposure owing to the influence of these quenching reactions.  
On the other hand, when the bis-disulfide is added to thiol–ene monomer formulations 
that were not degassed, the PPT that is formed can immediately begin reacting with 
oxygen, affording initiating radicals under conditions where overall PPT concentration is 
low, limiting the influence of the radical quenching reactions, and resulting in fairly 
significant increases in polymerization extent.   Further complicating matters are the 
different behaviors exhibited when these formulations, initially oxygen-saturated, are 
kept in either aerobic or anaerobic conditions.  While the work here has provided some 
insight into the complex behavior of the bis-disulfide initiator, clearly this a rich area for 
future research.  Nonetheless, as it currently stands, the bis-disulfide-based initiating 
system provides reaction rates that are too slow to be useful for either the self-healing or 
biomedical adhesive applications. 
To briefly summarize the research presented within this dissertation, three 
oxygen-mediated initiating system were explored. In comparing the reaction rates 
attainable between each of the three, the trialkylboranes could readily form solid polymer 
in seconds, the oxidoreductase system within minutes, and the bis-disulfide-based system 
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within hours (or even days).  Regarding the use of these systems in emerging 
applications, the trialkylborane-based system seems especially well-suited for self-
healing applications requiring rapid sealing of a puncture, while the oxidoreductase 
system, with their ability to rapidly produce hydrogels within minutes of oxygen 
exposure, seems especially useful for biomedical applications.  This research firmly 
establishes the utility of oxygen-mediated polymerization and strongly suggests that 
several areas of research that should be further investigated. 
7.2 Future Work 
While significant advances in the area of oxygen-mediated polymerization have been 
described throughout this dissertation, the research described here has also raised many 
questions that warrant further investigation.  I am especially interested in seeing the 
further development of self-healing material capable of sealing a high-velocity projectile-
induced puncture under conditions that model those found on the moon or Mars.  Having 
established a testing protocol, in Chapter 3, that at least partially mimics lunar or Martian 
conditions, a multitude of formulations that expand on those discussed in Chapters 2 and 
3 could readily be investigated; I would be particularly excited to explore the use of 
monomers with increased functionality as well as the addition of viscosity modifiers and 
fillers (e.g., particles, fibers, meshes, platelets) that change the rheological profile of the 
monomer formulations.  I also think that a significant amount of work needs to be spent 
on establishing the best method for packaging the reactive liquid monomer formulations 
within the walls of the structure.  Simply having a large, unbound liquid reservoir 
sandwiched between two solid plates (see Figure 46a) is not practical as the liquid offers 
no mechanical strength to the structure.  Alternatively, the reactive liquid monomer could 
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be packaged within hexagonal structures (Figure 46b), hollow capsules (Figure 46c),1 or 
a vascular network (Figure 46d),2-4 and embedded within a solid, load-bearing material 
(in grey) or the reactive liquid monomer could saturate an open-celled foam (Figure 46e).  
Placing the liquid within a larger, load-bearing layer should allow the entire tri-layered 
structure to retain the necessary mechanical properties.  Of course, a serious drawback of 
this approach, particularly with the capsules, is that the amount of reactive liquid present 
is much lower which almost certainly will limit the puncture sizes that could be 
successfully sealed.  Conversely, by using a vascular network, reactive liquid monomer 
can be continuously flowed through the structure in a manner analogous to how blood 
flows through how our vascular system,2-4 allowing a much larger quantity of the reactive 
liquid to be delivered to the projectile-induced “wound” and potentially permitting larger 
areas to be healed.  Of course, a drawback to all methods that utilize a reactive liquid is 
they will have some measure of reduced mechanical strength and it will need to be 
established how much liquid can be included within a structure so that it retains the 
necessary strength. In thinking rather ambitiously to address this inherent limitation, one 
plausible approach is to completely replace the reactive liquid-containing layer with a 
solid self-immolative5 material (Figure 46f).  When this material is subjected to a strong 
mechanical force, like being puncture by a high-velocity projectile, it will under go self-
immolation – a depolymerization reaction that will convert the solid material back into a 
liquid.  Then, a second reaction, one that could possible be initiated through an oxygen-
mediated process, would repolymerize the newly-formed liquid into a solid material that 
plug and seal the breech.  Obviously, there is a rather complicated approach and one that 
will require significant research to implement.   
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Figure 46: Tri-layered configurations for self-healing materials. In addition to the 
configuration utilized throughout this dissertation, a) with the liquid monomer layer 
(shown in red) sandwiched between two solid polymer support panels (in yellow), the 
monomer formulations could be packaged within a b) hexagonal structure, c) hollow 
capsules, d) a vascular network and embedded within a solid, load, bearing material or 
it could e) saturate an open-celled foam.  More ambitiously, f) the liquid monomer 
layer could be replaced with a solid, load-bearing material that undergoes self-
immolation, reverting it back into a liquid that is capable of subsequent polymerization 
that regenerates a solid polymer. 
Of course, all of the proposed methods that utilize a reactive liquid will require 
significant research and product development as there are several practical issues that will 
need to be addressed.  For example, any reactive liquid will need to remain a liquid 
throughout the length of the planned mission and thus must be stable for years if not 
decades.  The trialkylborane initiator discussed in Chapter 2 and 3 is quite reactive and 
will begin to initiate polymerization even at very low oxygen concentrations.  Attempts to 
develop an alternative initiator, the bis-disulfide discussed in Chapter 6 did not display 
polymerization times are rapid as those of observed in Chapter 2 with the alkylboranes; it 
may be that any initiator with sufficiently rapid reactivity may also have stability issues.   
Another issue for any material that utilize a reactive liquid is that any realistic 
self-healing structure will need to survive multiple modes of damage besides complete 
puncture.  For example, if a projectile only punctures the outer layers, reaching the 
reactive liquid layer but not penetrating deep enough to reach the interior, there would be 
no hole for that would allow oxygen would leak out and initiate polymerization; thus, the 
reactive monomer formulation remains liquid.  This creates a serious problem as the 
a) b) c) d) e) f )
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liquid is now exposed to vacuum or near vacuum conditions, permitting the monomer 
formulation to evaporate, removing the reactive liquid from where it is needed in the 
event of future impacts.  One potential approach to mitigate this problems is to utilize 
ionic liquids as the monomers, as these materials can exhibit extremely low vapor 
pressure, allows them to resist evaporation into the vacuum of space.  Acrylate-functional 
ionic liquid have already been development and it seems quite plausible that allyl and 
thiol functional ones could be developed as well. 
There are also significant research opportunities for the hydrogel materials 
discussed in Chapters 4 and 5.  While the gelation mechanism of the model thiol–ene 
monomer system was simply radical-mediated thiol–ene polymerization, gelation of the 
thiolated chitosan was much more complicated, with disulfide formation and iron-
chitosan interactions also contributing to network formation.  It would be useful to further 
isolate the contribution of each of the cross-linking reactions and to ascertain how each 
one contributes to the physicomechanical properties of the hydrogel.  Despite the 
complexity of the gelation process, these systems have been shown to able to rapidly 
form hydrogels within a minute of atmosphere exposure, and thus could be suitable for 
use as surgical adhesive or hemostats.  The next step would be to establish the 
biocompatibility of these materials through cell testing and immunocompatibility 
studies,6 and to begin evaluating their mechanical properties and tissue adhesion.  
It would also be useful to replace the thiolated chitosan with other thiomers, 
including other thiolated polysaccharides or thiol-rich proteins.  One candidate material is 
mucin, a cysteine-rich glycoprotein with anti-viral properties that should behave as a 
high-thiol content polymer capable of participating in a thiol–ene polymerization 
 217 
 
reaction.7, 8  Indeed, mucins have already been used to form hydrogels by cross-linking 
with poly(ethylene glycol) diacrylate by a base-mediated Michael addition reaction.9  As 
mucins are cheap, readily available, and have excellent biocompatibility, they may have 
significant utility in developing biomedical adhesives and sealants. 
In looking for other opportunities to expand upon the research presented here, the 
richest source may very well be the thione-based initiators in Chapter 6.  These materials, 
quite frankly, did not perform as well as was hoped; the reaction rates obtainable were 
much slower than what was achieved with alkylboranes or the oxidoreductase-based 
systems.  Nonetheless, if the reaction rates could be increased to those approached what 
was attained for the alkylboranes or enzyme-based systems, they may overcome some of 
the stability and handling difficulties of the other initiating systems.  Unfortunately, doing 
so is non-trivial and, given the effort it took to make the progress demonstrated in 
Chapter 6, there is no clear path forward.  As the radical quenching reaction that limits 
achievable reaction rates seems to depend in part on the thiol concentration, it may be 
useful to try monomer systems that limit thiol concentration.  With radical-mediated 
thiol–ene, that is difficult as the thiol and “ene” functional groups need to be in a 1:1 
stoichiometric ratio.  One potential option for breaking this stoichiometric requirement is 
to replace the thiol–ene monomer system with one based on the phosphane-ene 
reaction.10, 11  This chemistry replaces the thiol, -SH, with phosphane moieties, -PH2, and 
undergoes the same alternating propagation and chain transfer cycle as the thiol–ene 
reaction.  By replacing some of the thiol monomer with an equivalent amount of 
phosphane, it may be possible to suppress the quenching reaction, allowing for more 
brisk polymerization rates. 
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They may also be opportunities for other thiones to be utilized as oxygen-
mediated initiators, oltipraz (the parent compound for the bis-disulfide initiator), anethole 
dithiolethione, and 1,2-dithiole-3-thione (see Figure 47).12  These compounds have been 
shown to generate superoxide radical anion in response to oxygen exposure and may be 
useful as oxygen-mediated initiators, either on there own or as part of an initiating system 
that could convert the thione-generated superoxide into, for example, hydrogen peroxide 
that, subsequently, could be converted to hydroxyl radicals via Fenton chemistry of 
peroxidase. 
 
Figure 47: Other thione compounds capable of affording radicals in the presence of 
oxygen. 
Finally, I am very interested in seeing the concept of environmentally-borne 
initiation stimuli be further developed, both with alternative oxygen-mediated chemistries 
that afford arbitrarily fast reaction rates while also addressing the stability issues of 
alkylboranes and enzymes as well as systems that utilize a stimulus other than oxygen.  
While the difficulty of using either nitrogen or carbon dioxide as stimuli was thoroughly 
discussed in Chapter 1, the idea of using either to initiate a polymerization reaction is 
rather seductive. In order for this to be feasible, particularly with nitrogen, significant 
advances would have to have been achieved.  Presently, using either nitrogen or carbon 
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dioxide as a stimulus in the manner that oxygen was utilized here is not feasible, though 
it is something to consider for the future. 
7.3 References 
1. White, S. R.; Sottos, N. R.; Geubelle, P. H.; Moore, J. S.; Kessler, M. R.; Sriram, S. R.; 
Brown, E. N.; Viswanathan, S., Autonomic healing of polymer composites. Nature 2001, 409 
(6822), 794-797. 
2. Hansen, C. J.; Wu, W.; Toohey, K. S.; Sottos, N. R.; White, S. R.; Lewis, J. A., Self-
Healing Materials with Interpenetrating Microvascular Networks. Adv. Mater. 2009, 21 (41), 
4143-4147. 
3. Hamilton, A. R.; Sottos, N. R.; White, S. R., Self-Healing of Internal Damage in 
Synthetic Vascular Materials. Adv. Mater. 2010, 22 (45), 5159-+. 
4. Toohey, K. S.; Sottos, N. R.; Lewis, J. A.; Moore, J. S.; White, S. R., Self-healing 
materials with microvascular networks. Nat. Mater. 2007, 6 (8), 581-585. 
5. Peterson, G. I.; Larsen, M. B.; Boydston, A. J., Controlled Depolymerization: Stimuli-
Responsive Self-Immolative Polymers. Macromolecules 2012, 45 (18), 7317-7328. 
6. da Silva, R. A. B.; Leonardo, M. R.; da Silva, L. A. B.; Faccioli, L. H.; de Medeiros, A. 
I., Effect of a calcium hydroxide-based paste associated to chlorhexidine on RAW 264.7 
macrophage cell line culture. Oral. Surg. Ora.l Med. 2008, 106 (5), E44-E51. 
7. Lieleg, O.; Lieleg, C.; Bloom, J.; Buck, C. B.; Ribbeck, K., Mucin Biopolymers As 
Broad-Spectrum Antiviral Agents. Biomacromolecules 2012, 13 (6), 1724-1732. 
8. Linden, S. K.; Sutton, P.; Karlsson, N. G.; Korolik, V.; McGuckin, M. A., Mucins in the 
mucosal barrier to infection. Mucosal Immunol 2008, 1 (3), 183-97. 
9. Davidovich-Pinhas, M.; Bianco-Peled, H., Novel mucoadhesive system based on 
sulfhydryl-acrylate interactions. J Mater Sci Mater Med 2010, 21 (7), 2027-34. 
10. Guterman, R.; Kenaree, A. R.; Gilroy, J. B.; Gillies, E. R.; Ragogna, P. J., Polymer 
Network Formation Using the Phosphane-ene Reaction: A Thiol-ene Analogue with Diverse 
Postpolymerization Chemistry. Chem. Mater. 2015, 27 (4), 1412-1419. 
11. Guterman, R.; Gillies, E. R.; Ragogna, P. J., Phosphane-ene chemistry: the reactivity of 
air-stable primary phosphines and their compatibility with the thiol-ene reaction. Dalton Trans. 
2015, 44 (35), 15664-15670. 
12. Holland, R.; Navamal, M.; Velayutham, M.; Zweier, J. L.; Kensler, T. W.; Fishbein, J. 
C., Hydrogen Peroxide Is a Second Messenger in Phase 2 Enzyme Induction by Cancer 
Chemopreventive Dithiolethiones. Chem. Res. Toxicol. 2009, 22 (8), 1427-1434. 
 
